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In  the  1980s,  the  producers  of  prestressing  strands  introduced  a 6/10”  diameter 
seven-wire  strand  for  use  in  prestressed  concrete  applications.  Recently,  strand  producers 
have  introduced  a 7/10”  diameter  strand,  with  almost  twice  the  area  and  the  capacity  of 
the  1/2"  diameter  strand,  the  current  industry  standard. 

The  applicability  of  the  transfer  length  equation  presented  in  the  ACI  and 
AASHTO  codes  to  these  large  diameter  strands  has  been  questioned.  In  the  1980s, 
research  conducted  at  North  Carolina  State  University  found  current  code  equations 
inadequate  and  unconservative,  prompting  a memorandum  by  the  Federal  Highway 
Administration  imposing  a moratorium  on  the  use  of  6/10”  strand.  Several  research 


X 


efforts  were  initiated  in  an  attempt  to  improve  the  state  of  knowledge  regarding  bond 
performance  of  prestressing  strands. 

Research  efforts  at  the  University  of  Florida  concentrated  on  the  effect  of  strand 
diameter  on  bond  performance  of  prestressing  strands.  Forty  rectangular  prismatic 
specimens  were  fabricated  and  tested  for  transfer  length  and  end-slips  at  transfer  and  for 
development  lengths  with  static  loading.  The  strand  sizes  and  grades  tested  include:  3/8” 
Grade  270  and  Grade  300,  1/2"  Grade  270  and  Grade  300,  1/2"  special  Grade  270  and 
Grade  290,  6/10”  Grade  270  and  7/10”  Grade  270. 

The  transfer  lengths  of  small  diameter  strands  were  found  to  be  linearly 
proportional  to  the  strand  diameter.  The  transfer  lengths  for  large  diameter  strands  did 
not  followed  this  trend.  The  transfer  length  equation  presented  in  current  ACI  and 
AASHTO  Standards  codes  was  found  to  predict  the  mean  of  the  experimentally  measured 
transfer  lengths,  about  50  strand  diameters.  The  inclusion  of  95%  of  the  experimental 
data  required  a transfer  length  of  75  strand  diameters. 

A transfer  length  predictor  equation  that  considered  the  effect  of  concrete 
strength,  initial  prestress,  strand  surface  condition,  method  of  transfer  and  strand  diameter 
was  developed.  Transfer  lengths  estimated  with  the  proposed  equation  were  compared  to 
the  transfer  lengths  measured  at  the  University  of  Florida  and  other  institutions,  ensuring 
that  the  equation  is  representative  of  a large  number  of  data. 


XI 


CHAPTER  1 


INTRODUCTION 
1.1  Introduction 

Current  American  Concrete  Institute,  ACI  3 1 8-99,  [4]  ’ and  American  Association 
of  State  Highway  and  Transportation  Officials,  AASHTO  [3]  code  provisions  for  transfer 
and  development  length  for  prestressing  strands  are  essentially  identical.  These 
expressions  were  developed  in  the  1 960s,  based  on  best-fit  type  analysis  of  data  obtained 
from  research  using  clean  Grade  250  Stress-Relieved  strand  that  ranged  from  'A”  to  Vi”  in 
diameter  [30,  34],  The  current  industry  standard  is  Grade  270,  Low  Relaxation  strand. 

Grade  270,  Low  Relaxation,  strand  allows  for  higher  initial  and  effective 
prestress.  Its  higher  Grade,  allows  for  the  initial  prestress  in  the  strand  to  be  increased  in 
proportion  to  the  increase  in  breaking  strength.  Yet,  because  of  its  reduced  relaxation 
characteristics,  the  increase  in  effective  prestress  is  not  proportional  to  the  increase  in 
breaking  strength.  Hence,  the  effective  prestress  attained  with  a Low  Relaxation  strand  is 
higher  than  that  achieved  with  a Stress-Relieved  strand  of  the  same  Grade,  or  breaking 
strength.  Currently,  Grade  300,  Low  Relaxation,  strands  are  being  tested  for  introduction 
to  the  industry. 


' Number  in  parenthesis  refers  to  the  Reference  number. 

^ Relaxation  is  the  loss  of  stress  in  a stressed  material  held  at  a constant  length.  The  relaxation  loss  for  low- 
relaxation  strand  is  about  25%  of  the  loss  for  stress-relieved  strand  [56], 
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As  early  as  the  mid-1970s,  when  the  Low-Relaxation  strands  were  introduced,  the 
adequacy  of  ACI  and  AASHTO  code  provisions  for  transfer  and  development  length  was 
questioned  [50,  80],  In  the  1980s,  concerns  regarding  the  ACI  and  AASHTO  code 
provisions  were  raised  once  again  when  strand  producers  began  to  manufacture  a strand 
6/10”  in  diameter.  The  applicability  of  current  code  expressions  to  this  strand  was 
questioned.  Research  conducted  at  North  Carolina  State  University  found  development 
lengths  substantially  longer  than  those  computed  by  current  code  expressions  [16-18],  not 
only  for  the  new  6/10”  strand,  but  for  the  smaller  diameter  strands  also.  These  findings 
led  to  a memorandum  from  the  Federal  Highway  Administration,  imposing  severe 
restrictions  on  the  prestressed  concrete  industry  [13,  14,  16-18]. 

Several  research  efforts  were  initiated  as  a result  of  the  FHWA  memorandum. 

The  goal  of  these  efforts  was  to  improve  the  state  of  knowledge  regarding  the  bond 
performance  of  prestressing  strands. 

Research  conducted  at  the  University  of  Florida  has  focused  on  the  effect  of  the 
strand  diameter  on  the  bond,  transfer  and  development  length  performance  prestressing 
strands.  The  suitability  of  large-diameter  tendons  to  prestressed  concrete  applications 
will  form  part  of  the  investigation. 

The  term  “ large-diameter  strand”  has  been  re-interpreted  through  the  years.  In 
1950s,  1/2"  diameter  strands  were  considered  “large-diameter  strand”  [77],  In  the  1990s, 
researchers  referred  to  1/2"  and  6/10”  strands  as  “large-diameter  strand”  [70].  For  the 
purpose  of  this  study,  “large  diameter  strand”  refers  to  strands  6/10”  and  7/10”  in 


diameter. 
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The  move  toward  larger  diameter  strands  is  the  result  of  the  development  of, 
economically  viable,  high  strength  concrete.  The  efficient  use  of  these  high  strength 
concretes  requires  the  prestressing  force  applied  to  the  section  to  be  increased.  The 
prestressing  force  can  be  increased  by  either  increasing  the  number  of  strands  in  the 
section  or  by  increasing  the  force  per  strand. 

The  space  required  to  accommodate  additional  strands  is  limited.  Bigger  sections 
that  provided  more  space  where  strands  could  be  accommodated  had  to  be  developed. 
The  increase  in  prestressing  force  per  strand  can  be  achieved  by  increasing  the  cross- 
sectional  area  of  individual  strands,  increasing  the  strand  breaking  strength  or  a 
combination  of  both. 


1.2  Bond,  Transfer  and  Development  Length 

In  prestressed  concrete  applications,  the  strands  are  stressed  before  the  concrete  is 
poured.  Once  the  concrete  has  achieved  a minimum  prescribed  strength,  typically  3,500 
psi,  the  strands  are  released.  The  prestress  force  is  then  transferred  from  the  steel  to  the 
concrete  at  the  ends  of  the  members  through  bond.  The  stress  build  up  is  gradual,  from 
zero  at  the  ends  to  the  effective  prestress  level.  The  distance  over  which  the  build  up  of 
stresses  occurs  is  called  the  transfer  length,  Lt. 

As  external  loads  are  applied,  the  difference  in  bending  moments  at  two  adjacent 
sections  causes  the  stresses  in  the  strands  to  increase.  While  the  concrete  member,  i.e. 
beam  or  girder,  is  un-cracked,  the  stress  increase  in  the  strand  is  negligible.  After 
cracking,  the  stresses  in  the  strand  increase  abruptly.  These  additional  stresses  are  called 
flexural  bond  stresses.  The  flexural  bond  length,  Lft,  is  the  additional  bonded  length  of 
strand  required  to  equilibrate  the  flexural  bond  stresses  at  the  limit  state. 
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The  Development  Length  is  the  total  length  of  bonded  strand  required  to  transfer 
the  strand’s  design  limit  state  force  to  the  concrete.  This  required  bonded  length  is  the 
summation  of  the  transfer  and  the  flexural  bond  lengths. 

1.3  Bond  Mechanism 

As  mentioned  before,  the  forces  in  the  strands  are  transferred  to  the  concrete 
through  bond  mechanism.  Three  bond  mechanisms  have  been  identified;  adhesion, 
friction  and  mechanical  interlocking. 

Adhesion  is  the  result  of  a chemical  reaction  at  the  strand-concrete  interface.  This 
mechanism  is  lost  and  cannot  be  regained  once  relative  movement  occurs  at  the  concrete- 
strand  interface.  This  mechanism  is  not  present  in  the  transfer  zone. 

Friction  is  the  result  of  the  contact  between  the  concrete  and  strand.  This  force  is 
proportional  to  the  normal  force  and  a friction  coefficient.  As  the  strand  is  tensioned  the 
diameter  is  reduced  due  to  Poisson’s  effect^.  When  de-tensioned,  the  strand  tries  to 
return  to  it  original  diameter.  The  surrounding  concrete  resists  the  strand’s  attempt  to 
regain  its  original  size,  resulting  in  an  increase  in  normal  force  and  friction  forces.  As 
the  strand’s  stresses  are  transferred  to  the  concrete,  the  normal  and  friction  forces  are 
reduced,  resulting  in  a wedging  action  in  the  ends  of  the  beams.  The  improved  anchorage 
due  to  the  swelling  in  the  strand,  or  wedging  action,  is  also  known  as  Hoyer’s  Effect. 
Hoyer’s  effect  is  considered  a major  component  in  the  anchorage  of  prestressing  strands. 

^ A deformable  body,  when  subjected  to  an  axial  load,  not  only  elongates  but  it  also  contracts  laterally.  In 
the  1800s,  the  French  scientist  S.D.  Poisson  found  these  deformations  to  be  proportional  within  the  elastic 
range.  The  ratio  of  the  strains  caused  by  these  deformations  is  constant.  The  constant  is  known  as  the 


Poisson’s  ratio. 
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Concrete  shrinkage  and  steel  relaxation  also  contribute  to  the  generation  of  normal 
forces. 

Up  to  this  point,  the  bond  phenomena  of  wires  and  strands  are  identical.  Strands 
differ  from  wire  in  its  ability  to  develop  additional  bond  strength  after  slippage  occurs. 

This  additional  bond  mechanism,  known  as  mechanical  interlocking,  is  due  to  the  helical 
shape  of  the  strand.  The  concrete  is  poured  in  fluid  form  and  fills  the  interstices  of  the 
strand.  The  interstices  are  the  narrow  valleys  or  crevices  between  individual  wires.  The 
hardened  concrete  matches  the  strand  surface.  As  the  strand  tries  to  slip  without  twisting, 
the  outer  wires  of  the  strand  react  against  the  matching  deformations  in  the  concrete, 
resisting  movement. 

1.4  Scope 

The  experimental  program  of  this  research  effort  is  limited  to  rectangular  sections 
reinforced  with  3/8”,  3/8”  indented,  1/2”,  l/2”special,  6/10”  and  7/10”  diameter  Grade 
270  uncoated  strands.  Also,  Grade  300  and  Grade  290  uncoated  strands  are  being  studied 
to  a limited  degree.  The  strands  will  be  used  in  “as  received”  surface  condition  and 
detensioned  by  flame  cutting.  The  section’s  size,  cover-to-strand  diameter  ratio  and 
confinement  steel  are  to  be  proportioned  such  that  the  section  stresses,  i.e.  the  level  of 
prestress  and  extreme  fiber  stresses,  are  similar  for  all  sections. 

The  concrete  mix  to  be  used  will  be  similar  to  industry  standards  with  design 
strength  at  28  days  of  6000  psi.  The  strands  are  to  be  detensioned  within  a limiting  range 
of  concrete  strengths  of  3500  psi  to  4300  psi.  The  specimens  are  to  be  tested  in  flexure 
after  curing  for  28  days. 


6 


The  collected  data  will  be  compared  and  analyzed  in  light  of  available  published 
data  related  to  uncoated  7-wire  Grade  270  strands.  A transfer  length  design  equation  and 
design  recommendations  will  be  formulated,  based  on  the  understanding  of  the  strand’s 


transfer  length  behavior  acquired  from  the  analysis  of  the  data. 

1.5  Objectives 

The  main  objective  of  this  research  is  to  study  the  effect  of  strand  diameter  on  the 
bond  performance  of  prestressing  strands.  The  applicability  of  large-diameter  strands  to 
prestressing  applications  and  the  relation  between  the  transfer  and  development  length  to 
the  strand  draw-in  at  transfer  will  also  be  studied. 

An  attempt  will  be  made  to  develop  a rational  design-oriented  model  to  predict 
the  strand  development  length.  Modified  truss  analogies  will  be  used  to  better  understand 
the  state  of  stresses  in  the  anchorage  region  in  developing  the  rational  approach. 

1,6  Organization  of  the  Dissertation 

This  dissertation  consists  of  seven  (7)  chapters.  A state-of-the  art  is  presented  on 
Chapter  2.  This  state-of-the  art  includes  a brief  history  of  the  development  of  current 
transfer  and  development  length  code  expressions  followed  by  a literature  review.  The 
literature  review  is  presented  in  three  forms.  First,  a brief  description  of  previous 
research  projects  and  their  conclusions  is  presented.  Followed  by  a discussion  of  several 
proposed  transfer  and  development  expressions  found  in  the  literature  review.  Then,  the 
effect  of  various  parameters,  identified  as  affecting  strand  bond,  transfer  and 
development  length  performance,  such  as  concrete  strength,  strand  diameter,  release 
method  and  strand  surface  condition,  is  explored. 
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Chapter  3 presents  the  experimental  program.  Specimens  are  described  and 
properties  of  the  materials  used  are  presented.  Experimental  practices,  instrumentation 
setups  and  a step-by-step  procedure  are  also  presented  and  discussed. 

Chapter  4 presents  the  data  obtained  from  the  experimental  program.  Data 
reduction  procedures  are  discussed  and  results  are  presented  in  table  format.  The  results 
are  discussed  in  Chapter  5.  The  results  are  also  discussed  in  light  of  data  obtained  from 
the  literature. 

Chapter  6 presents  the  development  of  a design  transfer  length  equation  and  a 
comparative  study  of  the  proposed  equation  with  other  equations  presented  in  the 
literature.  Conclusions  and  design  recommendations  are  presented  in  Chapter  7, 
followed  by  a list  of  references. 

Appendix  I presents  the  Strain  Profile  charts,  from  which  transfer  lengths  were 
estimated.  Appendix  II  presents  the  Load  Deflection  charts  obtained  during  the  flexural 
bond  test.  Appendix  III  presents  a sample  of  a MathCAD  template  prepared  for  the 
estimation  of  prestress  losses  and  the  section’s  nominal  capacity. 


CHAPTER  2 


BACKGROUND  AND  LITERATURE  REVIEW 
2.1  Introduction 

Current  ACI  [4]  and  AASHTO  [3]  code  provisions  for  transfer  and  development 
length  for  prestressing  strands  are  essentially  identical.  These  expressions  were 
developed  in  the  1960s,  based  on  data  obtained  from  research  using  clean  Grade  250 
Stress-Relieved  strand  that  ranged  from  14”  to  V2”  in  diameter  [30,  34],  The  current 
industry  standard  is  1/2"  Grade  270  Low  Relaxation  strand,  which  allows  for  higher 
initial  and  effective  prestressing  stresses.  Large  diameter  strands,  6/10”  and  7/10”, 
already  have  been  introduced  to  the  industry.  Higher  Grade  strands.  Grade  300,  are  being 
tested  for  introduction  to  the  industry. 

2.2  FHWA  Memorandum 

In  the  1980s,  strand  producers  began  to  manufacture  6/10”  diameter  strand. 
Serious  concerns  were  raised  on  the  applicability  of  current  code  expressions  to  this 
strand.  Research  conducted  at  North  Carolina  State  University  found  development 
lengths  substantially  longer  than  those  computed  by  current  code  expressions  (14-16),  not 
only  for  the  new  6/10”  strand,  but  for  the  smaller  diameter  strands  as  well.  These 
findings  led  to  a memorandum  from  the  Federal  Highway  Administration,  which  imposed 
a moratorium  on  the  use  of  the  6/10”  strand.  In  addition,  the  FHWA  memorandum 
imposed  a four-strand  diameter  center-to-center  spacing  of  the  strands  and  required  the 
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development  length  estimated  for  uncoated  strands  to  be  60%  longer  than  the 
development  length  computed  using  the  AASHTO  expression.  The  development  length 
for  blanketed’  strands  was  to  be  twice  the  length  estimated  per  AASTHO  development 
length  equation  [12,  13,  14-17  & 40-42], 

Several  research  efforts  were  initiated  as  a result  of  the  FHWA  memorandum. 

The  goal  of  these  efforts  was  to  improve  the  state  of  knowledge  of  prestressing  strands 
bond  performance  in  general.  Some  of  the  variables  that  have  been  studied  are:  the 
effect  of  the  concrete  cross  section,  strand  surface  condition,  strand  size,  strand  spacing 
and  the  effect  of  concrete  strength, 

2.3  Large  Diameter  Strands 

Research  conducted  at  the  University  of  Florida  focused  on  the  effect  of  the 
strand  diameter  on  the  bond,  transfer  and  development  length  performance  of  prestressing 
strands.  The  suitability  of  large-diameter  tendons  to  prestressed  concrete  applications, 
also  formed  part  of  this  investigation.  The  effect  of  the  initial  stress  in  the  strand  at 
transfer  was  studied  on  a limited  basis. 

The  term  “ large-diameter  strand”  has  been  re-interpreted  through  the  years.  In 
1956  Thorsen  [77]  published  his  paper  “ Use  of  Large  Tendons  in  Pre-Tensioned 
Concrete”  in  which  he  referred  to  1/2"  strands  as  large-diameter  strand.  Most  recently  in 
1993,  Russell  and  Burns  referred  to  1/2"  and  6/10”  strands  as  large-diameter  strands  [69], 


' Blanketed  strands  are  also  known  as  de-bonded  or  partially  de-bonded  strands.  The  de-bonding 
is  achieved  by  applying  grease  to  the  strand,  or  with  a de-bonding  a device,  such  as  a plastic  duct.  De- 
bonded  strands  are  typically  used  at  the  end  of  the  girders  to  reduce  the  prestress  levels  at  those  sections. 
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For  the  purpose  of  our  discussion  large-diameter  strands  refers  to  6/10”  and  7/10” 
diameter  strands. 

The  move  toward  larger  diameter  strands  is  the  result  of  the  development  of  high 
strength  concrete.  Economically  viable  concrete  mixes  with  compressive  strengths  in  the 
10,000-psi  to  15,000-psi  range  are  readily  available.  These  High  Performance  Concretes, 
HPC,  allow  engineers  to  bridge  longer  spans  with  a given  section.  These  would  not  be 
possible  with  regular  strength  concrete,  RSC. 

To  take  advantage  of  higher  strength  concretes  in  an  efficient  manner,  the  level  of 
prestress  on  the  section  must  be  increased.  The  increase  in  the  level  of  prestressing,  can 
be  achieved  be  either  increasing  the  number  of  strands  in  the  section  or  by  increasing  the 
force  in  each  strand. 

The  space  required  to  accommodate  additional  strands  is  limited.  Sections,  such 
as  the  Texas  U-beam  and  the  Florida  Department  of  Transportation  Bulb-T,  have  been 
developed  to  allow  for  more  space  where  the  strands  can  be  accommodated. 

On  the  other  hand,  the  increase  in  force  in  the  individual  strands  can  be  achieved 
by  increasing  the  cross-sectional  area  of  the  strand  or  increasing  the  breaking  strength  of 
the  strand.  The  strand  producers  responded,  first,  with  the  development  of  the  6/10” 
diameter  strand  and  recently  with  the  7/10”  diameter  strand,  which  has  almost  twice  the 
cross-sectional  area  of  a 1/2"  strand.  Most  recently.  Grade  300  strands  have  been  tested 
for  introduction  to  the  industry. 
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2.4  Transfer  and  Development  Length 


2.4.1  Definitions 

In  prestressed  concrete  applications  the  strands  are  stressed  before  the  concrete  is 
poured.  Once  the  concrete  has  achieved  a minimum  prescribed  strength,  typically  3,500 
psi,  the  strands  are  released.  The  prestress  force  is  then  transferred  from  the  steel  to  the 
concrete  at  the  ends  of  the  members  through  bond.  The  stress  build  up  is  gradual  from 
zero  at  the  ends  to  the  effective  prestress  level,  over  a distance  called  the  transfer  length, 
Lt  As  external  loads  are  applied,  the  difference  in  bending  moments  at  two  adjacent 
sections  causes  the  stresses  in  the  strands  to  increase.  While  the  concrete  member  is  un- 
cracked, the  stress  increase  in  the  strand  is  negligible.  After  cracking,  the  stresses  in  the 
strand  increase  abruptly  [70].  These  additional  stresses  are  called  flexural  bond  stresses. 
The  flexural  bond  length,  Lfb,  is  the  additional  bonded  length  of  strand  required  to 
equilibrate  the  flexural  bond  stresses  at  the  limit  state. 

The  development  length  is  the  total  length  of  bonded  strand  required  to  transfer 
the  strand’s  design  limit  state  force  to  the  concrete.  This  required  bonded  length  is  the 
summation  of  the  transfer  and  the  flexural  bond  lengths. 

2.4.2  Transfer  Length 

Transfer  length  normally  will  not  control  the  design  or  the  structural  performance 
of  prestressed  elements.  It  is  a structural  requirement  only  to  the  effect  that  the 
prestressing  force  must  be  transferred  to  maintain  structural  integrity.  Its  exact  value  is 
not  necessary  to  design  or  build  safe  pretensioned  structures  [70]. 
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While  the  importance  of  having  an  exact  value  for  the  transfer  length  should  not 
be  overestimated,  the  transfer  length  is  very  important  for  the  structure’s  serviceability 
behavior.  In  the  transfer  region  the  prestress  is  not  fully  effective.  As  a result,  the 
propensity  to  cracking  is  greater  in  the  transfer  zone  than  on  the  regions  where  the 
prestress  is  fully  effective. 

The  ACI  and  AASHTO  design  codes  suggest  a transfer  length  of  50  strand 
diameters  for  shear  strength  computations  and  suggest  the  assumption  that  the  prestress  is 
transferred  linearly  from  zero  to  a maximum  at  the  end  of  the  transfer  length.  These 
assumptions  allow  designers  to  estimate  the  shear  strength  contribution  of  the  concrete 
cross-section  at  sections  where  the  prestress  is  not  fully  effective. 

It  should  be  noted  that  the  codes  shear  design  philosophy  does  not  consider  a 
reduction  in  the  concrete  shear  strength  contribution  due  to  a loss  of  strand  anchorage. 

On  the  other  hand,  research  has  shown  that  the  occurrence  of  diagonal  shear  cracks 
within  the  transfer  zone  leads  to  anchorage  failure  [72]. 

2.4.3  Development  Length 

ACI  and  AASHTO  codes  only  require  that  the  development  length  be  verified  for 
the  maximum  bending  moment  section.  The  ACI  and  AASHTO  codes  do  not  recognize 
the  effect  of  the  horizontal  component  of  shear  stresses  on  the  strand’s  stresses,  nor  the 
effect  of  diagonal  shear  cracking  on  the  strand’s  anchorage  zone  on  the  strand’s  ability  to 
develop. 

ACI  Building  Code  Commentary  Section  12.0  says  that  the  reduction  factor,  (j),  is 
not  used  in  the  development  length  equations  because  a safety  factor  for  overloading 
already  has  been  incorporated.  ACI’s  development  length  expression  for  deformed  bars 
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results  in  development  lengths  1 5%  longer  than  those  predicted  by  experimental  results. 
This  factor  of  safety,  inherent  in  the  estimation  of  the  development  length  of  mild 
reinforcement  bars,  is  not  included  in  the  expressions  for  prestressing  strands  [13,  14] 

Strand  development  seldom  controls  the  design  of  prestressed  concrete  elements. 
The  exceptions  are  cantilever,  deep  and  short  span  beams.  Typically  for  slender 
elements^  the  embedded  length^  of  strand  is  sufficient  to  ensure  proper  development  of 
the  strands  even  in  the  event  of  crack  formation  in  the  transfer  region,  localized  bond 
failures  or  poor  bond  performance. 

In  the  case  of  cantilevers  and  deep-short  beams  it  is  not  necessarily  so.  In  these 
type  of  structures,  the  embedded  length  of  strand  may  not  be  sufficient  to  preclude  bond 
failure  in  case  any  of  the  above-mentioned  events  occurs.  In  addition,  the  effect  of  the 
horizontal  shear  components  becomes  critical  in  short-deep  beams.  The  propensity  for  the 
formation  of  diagonal  shear  cracking  within  the  transfer  zone  also  increases  for  this  type 
of  element. 


2.5  Bond  Mechanisms 

As  mentioned  before,  the  forces  in  the  strands  are  transferred  to  the  concrete  through 
bond  mechanisms.  Three  bond  mechanisms  have  been  identified;  adhesion,  friction  and 
mechanical  interlocking. 


^ Slender  elements  are  elements  with  length  to  depth  ratio  in  excess  of  2.5. 


^ The  embedded  length  is  the  length  of  bonded  strand  available  for  the  development  of  anchorage. 
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2.5.1  Adhesion 

Adhesion  is  the  result  of  a chemical  reaction  at  the  strand-concrete  interface. 

Once  a critical  a bond  stress  is  exceeded  and  relative  displacement  at  the  concrete-strand 
interface  occurs,  this  mechanism  is  lost  and  cannot  be  regained.  In  the  transfer  zone, 
there  is  relative  displacement  along  the  concrete  strand  interface  [24],  thus  this  bond 
mechanism  cannot  be  present  in  the  transfer  zone. 

2.5.2  Friction 

Friction  is  the  result  of  the  contact  between  the  concrete  and  strand.  The  friction 
force  is  proportional  to  the  normal  force  and  acts  opposite  to  the  displacement.  As  the 
strand  is  tensioned,  the  diameter  is  reduced  due  to  Poisson’s  effect.  When  de-tensioned, 
the  strand  tries  to  return  to  it  original  diameter.  The  surrounding  concrete  will  resist  the 
strands  attempt  to  regain  its  original  size  resulting  in  an  increase  in  the  normal  force, 
consequently  an  increase  in  friction  forces.  As  the  strand’s  longitudinal  stresses  are 
transferred  to  the  concrete,  the  normal  and  friction  forces  are  reduced,  resulting  in  a 
wedging  action  in  the  ends  of  the  beams. 

The  improved  anchorage  due  to  the  swelling  in  the  strand,  or  wedging  action,  is 
known  as  Hoyer’s  Effect.  Hoyer’s  effect  is  considered  a major  component  in  the 
anchorage  of  prestressing  strands.  Concrete  shrinkage  and  steel  relaxation  also  contribute 
to  the  generation  of  normal  forces.  Figure  2. 1 depicts  Hoyer’s  effect. 
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Figure  2-1  Hoyer's  Effect , 

Source:  Russell  and  Paulsgrove  [72] 

2.5.3  Mechanical  Interlocking 

Bond  phenomena  of  wires  and  strands  are  identical,  up  to  this  point.  Strands  differ 
from  wire  in  their  ability  to  develop  additional  bond  strength  after  slippage  occurs 
[58,59],  This  additional  bond  mechanism,  known  as  mechanical  interlocking,  is  due  to 
the  helical  shape  of  the  strand.  The  concrete  is  poured  in  fluid  form  and  fills  the 
interstices  of  the  strand.  The  interstices  are  the  narrow  valleys  or  crevices  between 
individual  wires.  The  hardened  concrete  matches  the  strand  surface.  As  the  strand  tries 
to  slip  without  twisting,  the  outer  wires  of  the  strand  react  against  the  matching 
deformations  in  the  concrete,  resisting  movement. 


Figure  2-2  Mechanical  Interlocking. 
Source:  Russell  and  Paulsgrove  [72] 
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2.6  Evolution  of  the  Current  ACI  and  AASHTO  Code  Expressions 

The  following  section  describes  the  evolution  of  the  ACI  and  AASHTO  code 
expression  for  transfer  and  development  length.  In  1993,  Tabatai  and  Dickson  [76] 
published  a paper  titled  The  History  of  the  Pretensioning  Strand  Development  Length 
Equation,  a study  commissioned  by  the  Federal  Highway  Administration.  The 
information  provided  in  this  section  is  based  on  that  publication. 

The  American  Concrete  Institute  and  AASHTO  provisions  for  transfer  and 
development  length  are  identical.  Current  development  length  provisions  are  presented 
in  Section  12.9  of  the  ACI  318-99  [4].  This  provision  states  that:  Three  and  seven-wire 
pretensioning  strand  shall  be  bonded  beyond  the  critical  section  for  development  length, 
in  inches,  not  less  than  Equation  2.1. 


Equation  2. 1 


where,  Ld  is  the  development  length,  (in.) 

fps  is  the  strand  stress  at  the  limit  state,  (ksi) 
fse  is  the  strand  effective  stress,  (ksi),  and 
db  is  the  strands  nominal  diameter,  (in.) 

With  regard  to  transfer  length,  neither  ACI  318-99  nor  AASHTO  Standards,  have 
explicit  provisions  for  a minimum  or  maximum  length  over  which  the  prestress  must 
become  effective.  The  ACI  3 1 8-99  Commentary  provides  an  expression  to  estimate 
transfer  length  by  re-writing  Equation  1 as  the  sum  of  transfer  length  and  flexural  bond 
length,  see  Equation  2.2. 
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Equation  2.2 


ACI  318-99  Section  1 1.4.3  and  AASHTO  9.20.2.4  suggests  that  a transfer  length 
of  fifty  strands  diameter  (50db)  and  a linear  distribution  be  assumed  for  shear  design 
consideration. 

2.6.1  Evolution  of  the  ACI  Transfer  Length  Expression 

ACI  transfer  length  provisions,  derived  by  Alan  Mattock,  are  based  on  tests 
conducted  in  the  1950s  and  early  1960s  with  clean  Grade  250  Stress  Relieved  Strands 
[30,  34].  In  deriving  an  expression  to  predict  transfer  length.  Mattock  noted  that  the 
average  transfer  bond  strength  of  400  psi  reported  by  Hanson  and  Kaar  seemed 
reasonable  [76].  With  this  information  and  the  equilibrium  equation  for  prestressing  steel 
force  and  bond  force,  a transfer  length  expression.  Equation  2.3,  was  obtained  from  the 
following  derivation. 


lit  So  Lt  — Aps  fs 


UtE.Lt 


Apsfse 


Ut  = 400psi 

So  = — 7T  db 

3 


UtSo 


. . L.  = 

2.94 


Lt  = 
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L.  = -db 
3 


Equation  2.3 


In  the  above  derivation,  it  should  be  noted  that  a 4/3  factor  is  used  to  relate  the 
strands  surface  area,  Eo,  to  the  perimeter  of  a circle  with  the  same  nominal  diameter.  This 
factor  remains  constant  for  every  strand  size  and  grade  of  steel.  Similarly,  a factor  of 
0.725  is  used  to  relate  the  strands  nominal  area,  Aps,  to  the  area  of  a circle  of  the  same 
nominal  diameter.  This  factor  changes  for  the  different  strand  sizes  and  grades  of  steel. 
For  example  this  factor  of  0.725  is  specific  for  a Vi'  Grade  250  strand.  The  factor  for  a 
Vi'  Grade  270  strand  is  about  7%  larger,  0.779  [13,  14,  76]. 

Regarding  ACI  3 1 8-99  Section  1 1 .4.3  provision  for  transfer  length  it  should  be 
noted  that  the  effective  prestress  in  Hanson  and  Kaar’s  tests  never  exceeded  150  ksi. 
Evaluating  Equation  2.3  for  this  level  of  effective  prestress  resulted  in  a simplified 
expression  for  transfer  length  in  the  form  of  50db.  As  such,  this  expressions  applicability 
should  be  limited  to  a maximum  level  of  prestress  of  150  ksi.  [30,  76]  If  the  derivation 
above  is  done  for  a Vi',  Grade  270,  strand  and  is  evaluated  for  an  effective  prestress  of 
168  ksi  (See  Example  4.7. 1 of  the  PCI  Design  Manual  [60]),  the  simplified  expression  for 
transfer  length  would  be  61 .3db  instead  of  50db,  or  22.6%  longer. 


2.6.2  Evolution  of  the  Development  Length  Expression 

The  equation  to  predict  the  strand’s  development  length  was  also  developed  by 
Alan  Mattock  and  is  also  based  on  data  from  Hanson  and  Kaar’s  work  in  the  late  1950s 
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[30],  The  development  length  expression  was  developed  following  a best-fit  linear 
approach.  See  Figure  2.3  [76], 

Mattock  originally  recommended  Equation  2.4  as  an  estimate  of  the  development 
length.  Eventually,  Equation  2.5  was  presented  to  the  ACI  Committee  on  Bond. 
Equations  2.4  and  2,5  are  presented  in  the  notation  used  on  the  AASHTO  code. 


where,  Psuis  the  strand’s  stress  at  flexural  capacity,  (ksi)  (fps  in  ACI  notation) 

D is  the  strand  diameter,  (in.)  (db  in  ACI  notation) 

L is  the  development  length,  (in.)  (La  in  ACI  notation)  and 
fse  is  the  effective  prestress,  (ksi)  and 
Lt  is  the  transfer  length  (in.) 

After  discussion  in  the  ACI  Committee  323  (bond).  Equation  2. 1 was  adopted  in 
ACI  Section  12.9.1  in  1963.  AASHTO  later  adopted  the  same  expression  in  1972  as 
AASHTO  Equation  9-32  [76], 

Solving  Equation  2.5  for  the  development  length.  Equation  2.6,  we  can  compare 
the  original  expression  presented  to  the  ACI  with  the  adopted  expression.  Equation  2. 1,  in 
the  form  presented  in  the  ACI  Commentary. 


L = (l.llf  *su-0.77fse)D 


Equation  2.4 


Equation  2.5 


L=Lt  + I.ll(f  *su-fse)D 


Equation  2.6 
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From  simple  inspection  of  Equation  2.5  and  Equation  2.6  it  could  be  observed 
that  the  flexural  bond  length  for  the  adopted  expression  is  1 1 % shorter  than  that 
recommended  from  a linear  best-fit  of  the  data.  It  should  be  emphasized  that  these 
expressions  are  based  on  a linear  best  fit  and  not  an  envelope  of  the  data.  This  1 1% 
reduction  in  flexural  bond  length  causes  four  (4)  specimens  with  long  embedment  (i.e. 
Liydb>80)  length  to  fail  either  by  general  bond  or  ultimate  bond  slip  at  stresses  lower  than 
those  predicted  by  the  adopted  expression,  See  Figure  2.3. 


Figure  2-3  Comparison  of  Hanson  and  Karr's  data  to  the  proposed  and 
adopted  Development  Length  Equations.  Source:  Buckner  [13,14] 

As  adopted  62.5%  of  the  specimens,  same  data  on  which  the  expressions  are 
based,  will  experience  general  bond  failure.  Seventy  percent  (70%)  of  the  specimens 
with  long  embedment  experienced  general  bond  failure.  Ultimate  bond  failure  will  occur 
in  3 1 .2%  of  all  the  specimens  and  50%  of  the  specimens  with  long  embedment  length. 


Increa&f-  in 
iytre-fio  and 
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a It)  / D 


[13,  14] 
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2.7  Review  of  Published  Literature 

An  extensive  review  of  the  published  literature  was  conducted  as  part  of  these 
research  efforts.  The  following  section  attempts  to  provide  a foundation  for  the  reader  on 

the  experimental  evolution  of  prestressing  strand  bond  research.  The  section  is  divided 
into  three  parts. 

The  first  part  is  a chronological  review  of  the  literature,  beginning  with  the  first 
paper  published  in  the  United  States  on  the  subject,  by  Jack  Janney.  Followed  by  a 
review  of  the  equations  that  have  been  proposed  for  estimating  transfer  and  development 
length,  as  a result  of  experimental  research  efforts  and  third  parties  re-analyzes  of  the 
available  data.  The  third  part  consists  of  a summary  of  the  effect  of  several  variables  on 
bond,  transfer  and  development  length  of  prestressing  strands. 

2.7.1  Chronological  Literature  Review 

Janney  [32].  Janney  published  the  first  report  on  development  length  of 
prestressmg  strands  m the  United  States.  The  research  program  studied  the  effect  of  the 
wire  diameter,  the  surface  condition  of  the  wires  and  strand  and  the  strength  of  the 
concrete  on  bond.  The  investigation  consisted  of  two  parts;  the  first  part  studied  the 
transfer  bond  and  the  second  studied  flexural  bond. 

Transfer  length  was  determined  from  concrete  surface  strains  measured  along 
prisms.  The  prisms,  72”  and  96”  long,  had  a 2”  by  2”  cross-section.  The  wires/strand 
were  cleaned  with  carbon  tetrachloride  and  acetone.  The  wire  diameters  included  in  the 
study  were  0. 100”,  0. 162”,  0. 197”  and  0.276”.  A 5/16”strand  was  also  studied.  The 
surface  conditions  considered  were  clean,  oiled  and  rusted.  Concrete  strength  at  21  days 
was  4,500  psi.  One  specimen  was  fabricated  with  a concrete  strength  of  6,500  psi.  The 


initial  stress  in  the  wires/strand  was  120  ksi.  The  prestressing  force  was  gradually 
transferred. 
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Eleven  (1 1)  specimens  were  fabricated  and  tested  for  flexural  bond  portion  of  the 
study.  The  specimens  consisted  of  6’-6”  long  beams  with  a 6”  by  10”  cross-section.  The 
wires  surface  conditions  were  either  clean  or  rusted.  The  prestress  in  the  wires  varied; 
one  specimen  had  the  wires  prestressed  to  60  ksi  and  165  ksi,  each.  Seven  specimens 
were  prestressed  to  120  ksi.  The  wires  on  the  remaining  two  specimens  were  not 
prestressed.  The  reinforcement  ratio  varied  between  0. 137  and  0. 199.  The  specimens 
were  loaded,  with  a center-point-load,  with  a 6’  span.  Electrical  strain  gauges  were 
attached  to  the  wires. 

Janney  found  a moderate  increase  in  transfer  length  with  increases  in  wire 
diameter,  slight  decrease  in  transfer  length  associated  with  an  increase  of  concrete 
strength  and  a marked  improvement  on  transfer  and  development  length  for  the  rusted 
wires.  In  the  flexural  bond  tests,  Janney  found  the  formation  of  a flexural  bond  stress 
wave  that  propagated  toward  the  supports. 

As  the  specimens  were  loaded  and  the  concrete  section  cracked  the  stress  in  the 
strand  increased  abruptly.  As  loading  continued,  the  stress  in  the  strand  increased  until  a 
limiting  bond  strength  value  was  reached.  At  this  point  some  slippage  between  wire  and 
concrete  occurred  at  the  region  around  the  crack,  reducing  the  bond  stress  in  the  crack 
region  and  increasing  the  bond  stress  at  the  adjoining  regions.  This  process  continues, 
creating  a flexural  bond  stress  wave  moving  away  from  the  point  of  loading.  Whenever 
the  flexural  bond  stress  wave  overlapped  the  transfer  length,  bond  failures  were  observed. 
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Critical  Note: 

The  strands/wires  used  in  this  research  program  were  cleaned  with  carbon 
tetrachloride,  a solvent.  Recent  research  has  shown  strands  cleaned  with  this  substance  to 
have  bond  performance  similar  to  that  of  weathered/rusted  strands[66-67], 

Hanson  and  Karr  [30].  Hanson  and  Karr  investigated  the  effect  of  concrete 
strength  and  strand  diameter  and  surface  condition  on  the  flexural  bond  in  prestensioned 
concrete  beams.  The  strands  studied  were  seven-wire  Grade  250  stress  relieved  strands. 
The  actual  breaking  strength  of  the  strand  was  about  270  ksi,  although  the  manufacturers 
guaranteed  250  ksi.  The  strand  diameters  investigated  were  1/4",  3/8”  and  1/2".  The 
strands  were  cleaned  with  carbon  tetrachloride.  The  concrete  strengths  investigated  were 
3,700  psi,  5,420  psi  and  7,230  psi.  The  effective  prestress  in  the  strands  ranged  between 
1 13  ksi  and  148  ksi.  Strain  gages  were  attached  to  the  strands. 

Like  Janney  before  them,  Hanson  and  Karr  observed  very  small  strain  in  the 
strand  prior  to  cracking  of  the  concrete  section  followed  by  an  abrupt  increase  after 
cracking,  A flexural  bond  stress  wave  progressed  toward  the  ends  as  the  loading 
increased.  They  hypothesized  that  bond/anchorage  failure  occurred  when  this  high  bond 
stress  wave  overlapped  the  transfer  zone. 

Hanson  and  Kaar,  also,  found  a reduction  in  strain  even  as  the  load  increased, 
indicating  bond  slip.  The  slip  destroyed  the  adhesion  bond  and  developed  mechanical 
interlocking.  The  authors  concluded  that  specimens  reinforced  with  strands  were  able  to 
develop  additional  strength  after  the  strand  had  slipped  due  to  mechanical  interlocking. 

Karr,  LaFraugh  and  Mass  [31].  Karr,  LaFraugh  and  Mass  investigated  the 
effect  of  concrete  strength  on  transfer  length.  The  same  concrete  mix  was  used  for  all 
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specimens.  The  concrete  strengths  were  determined  by  the  age  of  the  specimen  at 
transfer,  1,  2,  3,  9 and  22  days.  The  concrete  strengths  at  transfer  were  1,660  psi,  2,500 
psi,  3,330  psi,  4,170  psi  and  5,000  psi.  The  strands,  1/4",  3/8”,  1/2"  and  6/10”  in 
diameter,  were  prestressed  to  175  ksi.  The  prestressing  force  was  transferred  by  flame- 
cut.  The  transfer  lengths  were  estimated  from  concrete  surface  strain  measurements. 

Karr  et  al.  concluded  that  concrete  strength  had  little  influence  on  transfer  length 
for  strands  up  to  1/2"  in  diameter.  They  found  a marked  reduction  in  the  transfer  length 
for  6/10”  strands  with  higher  concrete  strength.  The  reduction  in  transfer  length  was 
attributed  to  the  6/10”  strand  being  slightly  rusted. 

In  addition,  the  authors  found  the  transfer  length  measured  on  the  cut  end  to  be 

20%  longer  than  those  measured  on  the  free  end.  Transfer  length,  for  all  strand  diameter, 
increased  6%  over  a year. 

Over  and  Au  [58,59].  Over  and  Au  investigated  the  effect  of  strand  diameter  on 
transfer  length.  The  specimens,  60”  and  80”  long  prisms  with  3”  by  3”  cross-section, 
were  reinforced  with  strands  1/4",  3/8”  and  1/2"  in  diameter  and  a 1/4"  diameter  wire. 

The  transfer  of  the  prestressing  force  was  done  through  gradual  release. 

Over  and  Au  found  that,  at  transfer,  the  average  stress  in  the  concrete  is 
proportional  to  the  stress  in  the  strand  up  to  a point.  Then  the  stress  in  the  strand 
decreases  at  a faster  rate  compared  to  the  rate  of  change  in  the  stresses  in  the  concrete. 

For  specimens  reinforced  with  strand,  the  stress  in  the  concrete  continued  to  increase. 

The  concrete  stress,  for  specimens  reinforced  with  wire,  diminished.  This  indicates  that 
the  strand,  unlike  the  wires,  is  able  to  develop  additional  bond  stresses  after  slip. 
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Based  on  this  observation  the  authors  concluded  that  a multi-wire  strand  required 
a smaller  transfer  length  than  a wire  with  the  same  area. 

Bandaliance  and  VanHorn  [8].  Bandaliance  and  VanHorn  bond  performance 
research  formed  part  of  an  extensive  prestressed  concrete  research  program  at  Lehigh 
University  in  the  late  1950s  and  mid  1960s.  The  specimens  were  beams  with  a 7 I/2”  by 
12”  cross-section  and  their  length  varied  from  8 ft  to  23  ft.  Each  was  reinforced  with  four 
(4)  1/2"  diameter  Grade  270  strands.  Three  (3)  strands  were  placed  near  the  bottom  with 
1 '/2”  cover.  The  fourth  strand  was  placed  2”  from  the  top.  Three-eighth  of  an  inch,  #3’s, 
Grade  50  deformed  bars  spaced  at  6”  on  center  provided  shear  reinforcement.  The 
strands  were  pre-tensioned  to  70%  fpu,  or  about  189,000  psi.  The  concrete  strength 
averaged  4000  psi  at  transfer  and  6000  psi  at  flexural  test.  After  several  tests  a slab  was 
added  to  increase  the  stresses  in  the  steel  at  failure. 

Electrical  strain  gages  were  mounted  on  the  bottom  strands.  Strains  on  the 
concrete  surface  were  measured  with  a Whittemore  gage.  Strand  slip  was  measured  with 
dial  gages. 

Results  were  compared  with  Hanson  and  Kaar’s  results.  The  Grade  270  strands 
tested  at  Lehigh  appeared  to  have  higher  bond  stresses  prior  to  slip  than  the  Grade  250 
strands  tested  by  Hanson  and  Kaar. 

Bond  slip  failures  were  observed  when  the  cracks  propagated  into  the  transfer 
zone.  They  concluded  that  if  the  stress  in  the  strand  within  the  transfer  region  exceeded 
the  stress  due  to  initial  prestress,  less  the  creep  and  shrinkage  losses,  bond  failure  would 


occur. 
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Hanson  [31].  Hanson  studied  the  effect  of  surface  roughness  on  bond 
performance.  The  fourteen  (14)  beams  were  reinforced  with  strands  7/16”  or  1/2"  in 
diameter.  The  7/16”  diameter  strands  were  tested  for  four  (4)  surface  conditions;  as 
received,  partially  rusted,  rusted  and  deformed  (dimpled).  The  half  (1/2”)  inch  strands 
were  tested  for  two  (2)  conditions:  as  received  and  dimpled. 

Hanson  found  the  transfer  lengths  on  the  flame  cut  end  were,  on  average,  4” 
longer  than  on  the  free  end.  For  the  range  of  transfer  length  reported  this  represents  an 
increase  of  20%.  Holmberg  & Lingren  reported  reductions  of  20%  on  the  transfer  length 

for  gradually  released  strands  over  flame-cut  strands. 

Transfer  length  for  rusted  and  dimpled  strands  improved  by  30%  over  those 

measured  for  as  received  strands. 

Stoker  and  Sozen  [75].  The  project  conducted  by  Stoker  and  Sozen  consisted  of 
486  pull-out  specimens  with  short  embedment  length  (1”).  The  objective  was  to  study 
the  bond  slip  behavior  and  the  effects  of  variables  such  as  strand/wire  size,  lateral 
confining  pressure,  time  effects  and  concrete’s  consistency,  curing  method,  age  and 
settlement.  From  the  data  obtained  from  the  experimental  program  they  attempted  to 
develop  an  hypothesis  on  the  nature  of  bond  and  compare  this  hypothesis  to  the 
applicability  of  the  simple  pull-out  results  to  the  design  of  prestressed  concrete  members. 
The  pull-out  data  based  computations  were  compared  to  results  from  five  (5)  beams. 

Only  transfer  length  was  studied. 

The  authors  found  the  effect  of  concrete  strength  on  bond  to  be  small  but  well 
defined.  For  concrete  strengths  in  a 2300  psi  to  7600  psi  range  and  using  a 4000  psi 
concrete  strength  as  a benchmark,  the  effect  of  concrete  strength  on  bond  strength  was 
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estimated  to  be  10%  per  every  1000  psi  change  in  concrete  strength.  Bond  strength  was 
found  to  be  more  sensitive  to  variables  that  affect  shrinkage  of  the  concrete  than  concrete 
strength,  i.e.  high  slump  and  dry  curing  increases  the  bond  strength  while  low  slump  and 
moist  curing  reduces  it.  The  authors  concluded  that  concrete  shrinkage  increases  the 
contact  pressure  between  the  strand  and  the  concrete,  which  increases  the  bond  strength. 

The  unit  bond  force  increased  with  strand  diameter.  The  nominal  bond  force,  the 
ratio  of  the  pullout  force  to  the  theoretical  surface  area,  showed  a slight  trend  of  reducing 
with  increases  in  strand  diameter.  This  trend  was  determined  to  have  no  statistical 
significance. 

On  tests  where  a lateral  confining  pressure  was  applied  the  authors  found  an 
increase  in  bond  strength.  A reduction  in  bond  strength  of  10%  - 15%  was  found  for 
long-term  loading. 

Bond  strength  is  reduced  as  the  depth  of  the  concrete  below  the  strand  increases. 
Bond  strength  was  reduced  to  60%  of  the  maximum  bond  strength  for  strands  with  ten 
(10)  inches  of  concrete  below  them.  For  concrete  depth  exceeding  ten  (10)  inches  there 
was  no  further  reduction  on  the  bond  strength.  If  the  concrete  was  not  vibrated  the  bond 
strength  was  reduced  by  30%.  Measured  transfer  length  for  top  strands  were  28%  than 
transfer  length  for  bottom  stands  on  companion  beams. 

The  authors  were  able  to  predict  transfer  length  and  end  slip  from  data  obtained 
from  simple  pull-out  tests.  The  embedment  length  of  one  (1)  inch  reduced  the  required 
pullout  force,  limiting  the  tensile  stress  on  the  strand  to  about  15,000  ksi,  limiting  the 
influence  of  “Negative  Hoyer’s  effect”  on  the  tests. 
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Mayfield,  Davies  and  Kong  [52].  Mayfield  et  al,  compared  the  bond 
performance  of  Dyform  strand  with  standard  seven-wire  strand.  The  Dyform  strand,  also 
a seven-wire  strand,  has  an  increased  area  of  steel  to  area  of  voids  ratio.  The  strand  is 
compacted  to  a given  area,  yielding  a smoother  profile  and  lower  coefficient  of  friction. 
This  characteristic  makes  Dyform  suitable  for  post-tensioning  applications. 

Mayfield  et  al.  found  the  Dyform  strand  to  have  a longer  transfer  length  than  the 
standard  strand.  The  flexural  bond  behavior  was  similar  for  both  strands,  although  the 
few  bond  failures  observed  were  observed  on  specimens  reinforced  with  the  Dyform 
strand. 

Martin  and  Scott  [50].  Martin  and  Scott  did  not  perform  experimental  work  for 
their  publication.  The  authors  found  the  transfer  and  development  length  code  provisions 
to  be  inadequate  and  did  not  provide  for  the  design  of  members  with  spans  shorter  than 
the  development  length.  Martin  and  Scott  re-evaluated  Hanson  and  Karr’s  data  and 
proposed  a bi-linear  design  equation. 

Anderson  and  Anderson  [5].  Anderson  and  Anderson  investigated  the  effect  of 
strand  slip  at  transfer,  end-slip  or  draw-in,  on  the  flexural  strength  of  pretensioned  hollow 
core  slabs.  A theoretical  value  of  the  end-slip  was  back-computed  using  a theoretical 
relationship  between  the  end-slip  and  transfer  length,  and  the  transfer  length  estimated 
with  the  ACl  3 1 8 model.  The  measured  end-slips  were  compared  to  this  theoretical 
value.  Al  the  slabs,  twenty-six  (26),  with  end-slip  smaller  than  this  theoretical  value 
were  able  to  develop  strand  stresses  in  excess  of  the  strand  tension  limitation  criteria  of 
the  ACI  318-71  code.  Of  the  ten  slabs  with  poor  bond,  i.e.  end-slips  longer  than  the 
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computed  theoretical  value,  only  three  developed  their  flexural  capacity.  The  remaining 
seven  failed  in  bond. 

Zia  and  Mostafa  [80].  Zia  and  Mostafa  performed  an  extensive  review  of  the 
available  literature.  They  concluded  that  the  transfer  length  was  directly  proportional  to 
the  stress  in  the  strand  and  the  strand  diameter,  while  inversely  proportional  to  the 
concrete  strength  at  transfer.  Based  on  these  conclusions  they  proposed  a new  transfer 
and  development  length  equation  that  accounted  for  the  concrete  strength  at  transfer. 

Brooks,  Gerstle  and  Logan  [9],  Brooks  et  al.  tested  eleven  (1 1)  hollow  core 
slabs,  ten  of  which  had  end-slips  considered  excessive.  The  purpose  of  the  research 
program  was  to  investigate  the  influence  of  excessive  strand  slip  at  transfer  on  the  slabs 
flexural  capacity. 

The  only  specimen  with  acceptable  end-slips,  that  is  end-slip  shorter  than  the 
computed  theoretical  value,  developed  flexural  capacity  at  an  embedment  length  of  71.25 
inches.  Two  specimens  with  excessive  end-slips,  with  embedment  lengths  of  1 19  inches 
and  141  inches,  respectively,  developed  high  flexural  capacity.  These  embedment 
lengths  are  approximately  150%  and  175%  the  development  lengths  estimated  per  ACI 
318.  The  remaining  seven  (7)  specimens  failed  in  bond.  These  tests  indicated  that 
excessively  long  transfer  lengths,  indicated  by  long  end-slips  at  transfer,  lead  to 
premature  bond  failures. 

Cousins,  Johnston  and  Zia  [16-18].  The  purpose  of  Cousins  et  al.  research  was 
to  investigate  the  bond  performance  of  epoxy-coated  prestressing  strands.  This  research 
program  was  initiated  in  1986.  Uncoated  strands  were  tested  as  benchmark  for  the 
epoxy-coated  strand  results.  Research  results  indicated  that  the  ACI  and  AASHTO 
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provisions  for  transfer  and  development  length  are  inadequate.  The  reported  average 
transfer  length  for  V2”  and  6/10”  strand  was  50  inches  and  57  inches,  respectively. 
Required  embedment  lengths  were  1 .9  times  the  estimated  development  lengths  per  ACI 
318.  These  findings  prompted  the  FHWA  Memorandum  imposing  a moratorium  on  the 
use  of  6/10”  strand,  as  well  as  other  restrictions  on  smaller  diameter  strands. 

FHWA  Memorandum  [13-14].  In  October  of  1988  the  Federal  Highway 
Administration  issued  a memorandum  placing  the  following  restrictions  on  the  use  of 
seven- wire  strands  on  bridge  applications: 

1 . The  use  of  6/10”  strand  is  prohibited  for  pretensioning  applications. 

2.  Four  (4)  strand  diameter  minimum  center  to  center  spacing. 

3.  Increase  the  development  length  computed  per  AASHTO  Equation  9-32  by 
60%. 

4.  The  development  length  requirements  for  de-bonded  strands  remained  in- 
place,  i.e.  twice  the  development  length  estimated  with  Equation  9-32. 

As  a result,  of  this  memorandum  several  research  projects  were  initiated  to 
improve  the  state  of  knowledge  of  prestressing  strands  bond  behavior  and  their  transfer 
and  development  length  performance. 

Deatherage  and  Burdette  [19].  Deatherage  and  Burdette  fabricated  and  tested  20 
AASHTO  type  girders.  The  beams  were  reinforced  with  1/2",  1/2”  special,  9/16”  and 
6/10”  diameter  strands.  A set  of  four  (4)  beams  was  fabricated  for  each  strand  size  with  a 
2”  concrete  cover.  An  additional  set  of  four  (4)  beams  was  fabricated  with  1 .75” 
concrete  cover.  The  concrete  strength  at  transfer  was  4,000  psi.  The  strands  were 
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released  by  flame-cut.  The  transfer  length  was  estimated  from  concrete  surface  strains. 
The  specimens  were  loaded  with  a single  point  load. 

Deatherage  and  Burdette  found  the  transfer  length  to  be  proportional  to  the  strand 
diameters  for  strands  up  to  9/16”  in  diameter.  The  6/10”  strand  did  not  follow  this  trend. 

The  authors  concluded  that: 

1 . The  use  of  6/10’  strand  should  not  be  restricted. 

2.  The  transfer  length  should  be  related  to  the  concrete  strength  at  transfer, 
instead  of  the  28-day  concrete  strength. 

3.  The  reduction  in  strand  spacing  did  not  appear  to  affect  bond  performance. 

4.  The  development  length  estimated  from  ACI  equations  should  be 
increased  by  50%. 

Russell  and  Burns  [68-71].  Russell  and  Burns  conducted  an  extensive  research 
program  at  the  University  of  Texas- Austin.  Transfer  and  development  lengths  were 
measured  on  1/2"  and  6/10”  strands.  The  study  included  the  effect  of  variations  in  strand 
spacing,  specimens  shape  and  size,  strand  confinement  and  partial  de-bonding  of  the 
strands. 

Russell  and  Burns  concluded  that:  ”...  to  prevent  anchorage  failures,  beams  should 
be  designed  so  that  no  concrete  cracks  will  propagate  through  the  the  transfer  zone  of  the 
pretensioned  strand. . . If  cracks  propagate  through  the  anchorage  zone  of  a strand,  or 
immediately  adjacent  to  the  transfer  zone,  failure  of  the  strand  [anchorage]  is  imminent”. 
Results  indicated  that  the  previous  statement  stands  true  for  any  kind  of  application,  size 
of  strand  and  for  partially-debonded  or  fully  bonded  strands. 
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With  respect  to  transfer  length,  the  authors  found  an  exponential  relationship 
between  the  transfer  length  and  the  diameter  of  the  strand.  A linearly  proportional  design 
equation  was  proposed, 

Mitchell,  Cook,  Tham  and  Khan  [55].  Mitchell  et  al.  tested  twenty-two  (22) 
prestressed  concrete  beams  to  investigate  the  effect  of  high  performance  concrete  on 
transfer  and  development  length.  Concrete  strengths,  at  transfer,  ranged  between  3,050 
psi  to  7,250  psi.  At  flexural  bond  test,  the  concrete  strengths  were  within  a 4,500  psi  to 
12,900  psi  range.  The  prestressing  force  was  gradually  released. 

The  authors  found  the  transfer  and  flexural  bond  to  decrease  with  an  increase  in 
concrete  strength.  It  should  be  noted  that  the  low  end  of  the  concrete  strengths  studied  by 
Mitchell  et  al.  coincide  with  the  high  end  of  concrete  strengths  on  Karr,  LaFraugh  and 
Mass  research.  Modifications  to  the  ACI  and  AASHTO  equation  were  proposed  to 
account  for  the  concrete  strength. 

Buckner  [13-14].  FHWA  commissioned  Buckner  to  attempt  to  reconcile  the 
myriad  of  design  recommendations  proposed  by  a similar  number  of  research  programs 
initiated  in  response  to  the  1988  FHWA  memorandum  that  severely  restricted  the  use  of 
prestressed  concrete  [13,  14],  Buckner  presents  an  extensive  literature  review  and 
reanalyzes  the  experimental  data  from  those  research  programs  in  his  attempt  to 
rationalize  their  differences. 

The  author  proposed  an  equation  that  modifies  the  current  ACI  equation  flexural 
bond  length  by  a correction  factor.  This  correction  factor  is  function  of  the  strain  in  the 
strand  at  the  limit  state.  The  transfer  length  equation  is  also  modified.  The  transfer 
length  is  related  to  the  initial  prestress  instead  of  the  effective  prestress. 
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Den  Uijl  [21].  Den  Uijl  investigated  the  effect  of  High  Performance  Concrete 
(HPC)  on  bond  performance  of  prestressing  strands.  The  research  program  consisted  of  a 
series  of  13  prisms  prestressed  with  one  or  two  strands.  The  diameters  studied  were  3/8” 
(9.3mm)  and  1/2"  (12.5mm).  Concrete  strengths  were  40Mpa  (5.8  ksi)  and  70Mpa 
(10. 15  ksi)  at  transfer.  Two  concrete  mixes  were  used:  gravel  concrete  and  limestone 
concrete. 

The  author  found  improved  bond  performance  for  High  Performance  Concretes, 
over  regular  strength  concrete  specimens  with  cube  strengths  at  transfer  similar  to  those 
of  HPC  specimens.  The  authors  attribute  this  finding  to  the  improved  tensile  properties 
of  HPC.  Transfer  lengths  measured  on  gravel  high-performance  gravel  concrete 
specimens  were  about  half  of  those  measured  on  normal-strength  concrete.  Transfer 
lengths  measured  on  high-performance  limestone  concrete  specimens  were  shorter  than 
those  measured  on  normal- strength  limestone  concrete,  but  the  difference  was  not  as 
marked  as  with  gravel  concrete. 

2,7.2  Review  of  Proposed  Transfer  and  Development  Length  Expressions 

With  the  advent  of  Grade  270  Low-Relaxation  strands  in  the  early  1970s 
researchers  began  to  question  the  applicability  of  the  adopted  expressions  [50].  The 
higher  breaking  strength  of  the  Grade  270  strands  allowed  for  higher  initial  prestress. 

The  effective  prestress  achieved  with  the  Grade  270  low  Relaxation  strand  is  also  higher, 
yet,  not  in  proportion  to  the  increase  in  the  strand’s  breaking  strength.  The  Low- 
Relaxation  characteristics  of  the  new  strands  reduced  the  steel  relaxation  losses  to  one- 
fourth  the  losses  experienced  by  the  Stress-Relieved  strands.  This  allows  the  Low- 
Relaxation  strands  to  maintain  a higher  effective  prestress  than  a Stress-Relieved  strand 


34 

of  the  same  Grade.  In  addition  to  allowing  a higher  initial  and  effective  force  per  unit 
area,  the  new  Grade  270  Low-Relaxation  strands  cross  sectional  area  is  larger  than  that  of 
the  Grade  250  strand  with  the  same  nominal  diameter,  yet  the  surface  area  remained  the 
same. 

Hanson  and  Kaar’s  [30]  strand  was  cleaned  with  carbon  tetrachloride,  a solvent, 
and  gradually  released.  Recent  research  found  that  these  two  variables  could 
independently  improve  bond  performance  by  up  to  20%  [30,  66-72]. 

Hanson  and  Kaar’s  [30],  and  other  early  research  projects,  data  was  re-evaluated 
and  new  expressions  were  proposed.  Martin  and  Scott  [30]  developed  an  equation  based 
on  a bi-linear  best-fit  curve  of  their  data.  Zia  and  Mostafa  [65]  also  re-evaluated  Hanson 
and  Kaar’s  [30]  data  and  developed  an  expression  for  transfer  and  development  length. 
Equation  2.7.  This  expression  is  presented  in  Arthur  Nilson’s  Prestressed  Concrete 
Design  textbook  as  an  alternative  to  the  code  expressions  [57]. 


Lt  = 1.5 


db-4.6  + 1.25(fps-fse)db 


Equation  2.7 


In  1986  researchers  at  North  Carolina  State  University  obtained  development 
lengths  for  uncoated  prestressing  strands  significantly  longer  than  those  predicted  by 
Equation  2.4  [16-18].  This  prompted  a Federal  Highway  Administration,  FHWA, 
memorandum  that  severely  restricted  the  use  of  prestressing  strands.  This  memorandum 
disallowed  the  use  of  0.6”strand,  imposed  a center  to  center  spacing  of  four  strand 
diameters  and  increased  the  development  length  of  uncoated  strands  by  60%  and  1 00%, 
for  fully  bonded  and  blanketed  strands  respectively  [13-19]. 
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This  memorandum  resulted  in  the  initiation  of  several  research  projects  to 
improve  the  state  of  knowledge  of  prestressing  strands  bond  behavior  and  their  transfer 
and  development  length  performance.  The  following  expressions  for  transfer  and 
development  length  are  the  result  of  these  research  efforts: 

As  a result,  of  research  efforts  conducted  at  the  Florida  Department  of 
Transportation  on  fijll-scale  AASHTO  girders  expressions  for  transfer  and  development 
length  were  presented,  Equation  2.8.  [74] 


Ld  = 


+ (fps-fse)  db 


Equation  2.8 


V y 

where,  fps  is  the  strand’s  stress  at  the  limit  state  (ksi) 
fsi  is  the  initial  prestress  (ksi), 
db  is  the  strand’s  nominal  diameter  (in.), 

kb  is  250  psi  and  pave  is  a dimensionless  constant  that  assumes  a value  of  8,  4 or  2 
for  piles  embedded  on  pile  caps,  slender  elements  and  deep  elements  (shear  span/depth  < 
3)  respectively. 

McGill  University  [55]  focused  their  research  efforts  on  the  effect  of  high  strength 
concrete  on  bond  performance.  An  expression  was  presented  that  modifies  the  current 
code  expressions  for  concrete  compressive  strength.  See  Equation  2.9. 


Ld  = -dbJ—  +(fps-fse)db 


Equation  2.9 


where,  f „ is  the  concrete  strength  at  the  time  of  detensioning  (ksi). 
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f c is  the  concrete  strength  at  service  (ksi) 

The  Eurocode  expression  for  transfer  length  considers  the  concrete  strength  at 
transfer  as  well  as  the  ratio  of  cross-sectional  area  to  the  perimeter  of  a circle  with  the 
same  nominal  diameter.  Three  corrections  factors  are  introduced  to  account  for  method 
of  strand  release,  strand  surface  condition  and  stress  condition  in  the  vicinity  of  the  strand 
[13,  14] 


Lt  = asapaio 

Aps 

fsi 

% db 

fc, 

Equation  2. 10 


where,  Aps  is  the  strands  nominal  area,  and 

ag,  ag,  aio  are  coefficients  that  account  for  release  method,  stress 
condition  around  strand  and  strand  surface  condition. 

A comprehensive  research  project,  conducted  at  the  University  of  Texas- 
Austin  presented  a strand  development  criterion  that  eliminates  the  concept  of 
development  length  [68-71].  They  concluded  that  inhibiting  cracks  from  forming  in  the 
transfer  region  ensures  the  development  of  the  flexural  capacity  of  the  section.  Since 
strand  stresses  increase  dramatically  at  cracks,  the  formation  of  cracks  within  the  transfer 
region  would  drastically  increase  the  stress  in  the  strand,  nullifying  Hoyer’s  effect  and 
resulting  in  a loss  of  anchorage. 

Janney  observed  this  behavior  in  the  1950s  [34].  He  noted  that  as  the  specimens 
were  loaded  no  considerable  increase  in  steel  stress  was  observed  until  after  the  section 
had  cracked.  After  the  section  cracked  the  steel  stresses  increased  dramatically.  These 
stresses  moved,  as  waves,  toward  the  ends  of  the  specimen  as  the  load  increased. 
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Whenever  this  stress  wave  overlapped  the  transfer  region  bond  failure  was  observed  [8, 


The  researchers  at  the  University  of  Texas  at  Austin,  and  later  at  the  University  of 
Oklahoma,  recognized  that  cracks  could  be  in  the  form  of  flexural  cracks  or  diagonal 
shear  cracks  and  recommended  the  use  of  end  blocks  to  minimize  the  possibility  of 
diagonal  shear  cracks  in  the  transfer  zone.  A development  length  expression  based  on  the 
concept  of  inhibiting  cracks  within  the  transfer  zone  is  presented.  Figure  2.4  shows  a 
graphical  representation  of  the  proposed  relation.  Equation  2. 1 1 [68-71]. 
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Equation  2.1 1 


Mcr 


where,  Mn  is  the  section’s  flexural  strength. 


Mcr  is  the  section’s  cracking  moment,  and. 


Lt  is  the  transfer  length. 


MOMENT 


TO  ENSURE  CRACKING  DOES 

not  disrupt  the  transfer  zone. 

FROM  SIMILAR  TRIANGLES: 


J.SL  > Mil- 
Lt  ~ Mcr 


Oft:  Ld  > JiU—  1 1 


Figure  2-3  Graphical  Representation  of  Equation  2.11 
Source:  Russell  and  Burns  [70] 
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Equation  2. 1 1 considers  the  formation  of  flexural  cracks  only.  In  addition  is 
similar  in  form  and  function  to  the  expression  presented  by  Brooks,  Gerstle  and  Logan 
[9]  equating  the  development  length  to  the  transfer  length  times  the  ratio  of  the  stress  in 
the  strand  at  the  limit  state  to  the  effective  prestress.  For  the  estimate  of  the  transfer 
length,  Russell  and  Burns  [68-71]  proposed  Equation  2.12. 


Equation  2. 1 1 was  modified  on  a report  published  by  Russell  and  Paulsgrove  [71], 
when  the  researchers  realized  that  an  additional  length  was  required  to  prevent  the  crack 
from  propagating  into  the  transfer  region,  adding  a mechanical  interlocking  length,  Lmi. 
See  Equation  2.13. 


where,  Lmi  is  the  mechanical  interlocking  length. 

The  mechanical  interlocking  length  is  taken  as  the  least  of  the  beams  effective 
depth  or  the  spacing  of  the  shear  reinforcement.  An  explanation  for  the  source  of  this 
additional  length  is  not  offered  on  the  publication,  yet  appears  to  be  derived  from  a truss 
analogy. 

As  stated  before,  the  FHWA  memorandum  resulted  in  the  initiation  of  a number 


Equation  2. 12 


2 


Ld  — ( Lt  + Lmi 

Mcr^ 


Equation  2.13 


of  research  efforts,  which  resulted  in  an  equal  number  of  design  recommendations.  In  an 
attempt  to  reconcile  the  differences  in  results  and  design  recommendations  from  the 
various  research  projects,  FHWA  conducted  a review  of  the  available  data  [13,  14].  In 
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this  review,  performed  by  Buckner,  the  author  contends  that  bond  failures  are  not  due  to 
the  formation  of  cracks  in  the  transfer  zone,  but  due  to  the  strains  in  the  strand 
For  example,  if  the  section  has  an  effective  prestress,  fps,  of  150  ksi  and  a 
maximum  stress,  fps,  of  230  ksi  this  stress  increase  of  80  ksi  represents  an  increase  in 
strain  from  0.0053  to  0.0081,  a 52%  increase.  On  the  contrary  if  the  effective  prestress  is 
185  ksi  that  same  80-ksi  stress  increase  represents  a strain  increase  from  0.0065  to  0.015, 
a 130%  strain  increase.  These  stress  levels  are  achieved  on  bridge  girder  where  the  deck 
acts  composite  with  the  girder.  Buckner  has  pointed  out  that  with  few  exceptions  these 
kind  of  stresses  have  not  been  achieved  in  current  research  projects. 

Buckner  proposed  the  following  modification  to  the  current  development 
length  expression,  see  Equation  2. 14, 

^ ^ ^ di  Equation  2.14 


where,  ^=0.6  + 40  Eps  < 2,  and 

Eps  is  the  strand  strain  at  the  limit  state 


2.7.3  Variables  Identified  to  Affect  Bond,  Transfer  and  Development  Length 
Performance  of  Prestressing  Strands 

This  section  discusses  the  variables  identified  as  affecting  strand’s  bond,  transfer 
and  development  length  performance.  This  variables  are:  method  of  measurement  of  the 
transfer  length,  concrete  compressive  strength  at  transfer,  specimen  age,  confinement  of 
the  concrete  surrounding  the  strand.  End-slip  or  draw-in,  detensioning  method,  strand 
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size,  spacing  and  surface  condition,  pull-out  force,  position  of  the  reinforcement  in  the 
cross-section  and  type  of  loading. 

2. 7.3.1  Measurement  of  Transfer  Length 

The  prestressing  force  is  transferred  to  the  concrete  by  bond  mechanisms.  This 
force  is  assumed  to  transfer  linearly  from  zero  at  the  end  of  the  beam  to  a maximum  at 
the  end  of  the  transfer  region.  Beyond  the  transfer  region,  strains  are  remains  constant. 

Most  research  projects  have  measured  the  transfer  length  by  measuring 
deformations  on  the  concrete  surface.  These  deformations  are  converted  to  strains  and 
plotted  versus  distance  along  the  specimen,  constructing  a strain  profile.  There  are 
several  approaches  to  the  determination  of  the  transfer  length.  At  this  point  the  various 
research  projects  depart  from  one  another  in  their  determination  of  the  measured  transfer 
length. 

Russell  and  Rose  [66,67],  at  University  of  Oklahoma,  OU,  and  Russell  and  Burns 
[68-71],  at  University  of  Texas- Austin,  UTA,  used  a smoothing  technique  to  plot  their 
data  points.  Transfer  length  is  defined  as  the  distance  from  the  end  of  the  beam  to  the 
intercept  of  the  line  connecting  the  data  points  in  the  increasing  portion  of  the  graph  and  a 
line  equal  to  95%  the  average  of  the  plateau  region  data  points. 

Another  approach  is  the  slope-intercept  method,  based  on  the  bi-linear 
idealization  of  the  strain  profile.  Transfer  length  is  defined  as  the  intercept  of  the  line 
that  describes  the  linearly  increasing  portion  of  the  strain  profile  with  a horizontal  line 
representing  the  plateau  region.  Research  at  the  University  of  Florida  have  used  this 
approach  defining  the  horizontal  line  as  95%  the  average  of  the  data  points  in  the 
constant  strain  region  [25-27]. 
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Finite  element  models  have  shown  that,  due  to  shear  lag,  the  transfer  length 
measured  at  the  surface  of  the  concrete  with  2 inches  cover  are  10%  longer  than  the 
actual  transfer  length  [13,  14],  After  comparing  various  research  projects  results  and 
transfer  length  measurement  techniques,  Buckner  concluded  that  the  95%  average 
maximum  strain  technique  produced  results  similar  to  those  obtained  by  the  Finite 
Element  Model. 

Transfer  lengths,  at  the  University  of  Florida,  were  estimated  following  both 
methodologies.  In  general,  the  95%  Average  Maximum  Strain  methodology  with 
smoothing  technique,  used  by  Russell,  yielded  transfer  lengths  5%  to  10%  longer  than  the 
transfer  lengths  estimated  the  slope-intercept  method  with  plateau  at  95%  of  the  average 
maximum  strain  used  at  University  of  Florida.  This  difference  could  be  considered 
negligible  when  compared  to  the  20%  scatter  found  within  methodologies. 

2. 7.3.2  Concrete  Compressive  Strength  at  Transfer,  f ci: 

Early  research  projects  reported  that  the  concrete’s  compressive  strength  at 
transfer,  f ci,  has  no  effect  on  the  strands  performance.  The  compressive  strengths  in  Karr 
et  al.  study  ranged  from  2,000  psi  to  5,000  psi  [36].  It  should  be  noted  that  the  concrete 
strength  at  transfer  was  controlled  by  the  age  of  the  specimen  at  transfer.  The  roles 
played  by  variables  such  as  concrete  shrinkage  and  steel  relaxation  must  be  considered. 

The  authors  did  not  mention  such  considerations. 

Research  at  the  University  of  Illinois  in  the  late  1960s  and  early  1970  found  that 
the  bond  strength  increased  at  a rate  of  10%  for  every  1000-psi  increase  in  concrete 
strength  [75]. 


Recent  projects  at  McGill  University,  where  concrete  compressive  strength  at 
transfers,  f ci,  ranged  from  around  3,000  psi  to  over  7,000  psi  have  shown  that  it  does 
have  an  effect  on  the  strands  performance  [55],  McGill  University’s  researchers  have 
proposed  the  following  transfer  length  expression,  Equation  2.15,  which  indicates  an 
inversely  proportional  relation  between  the  transfer  length  and  the  concrete  strength. 


Equation  2.15 


Note  that  Equation  2. 15  is  the  transfer  length  portion  of  Equation  2.9  presented  in 
the  previous  section.  It  could  be  argued  that  the  range  of  concrete  strengths  studied  in  the 
research  program  conducted  by  Mitchell,  Cook,  Khan  and  Tham  at  McGill  University 
(43)  are  not  realistic  for  practical  applications  due  to  the  economics  of  the  prestressed 
concrete  industry.  The  competitiveness  of  the  industry  demands  quick  turnarounds  and 
repetitive  use  of  forms  and  space.  Industry  standards  have  chosen  3,500-psi  concrete 
strength  as  the  target  strength  for  detensioning  of  the  strands  [60],  Within  this  range 
research  by  Kaar,  LaFraugh  and  Mass  showed  no,  or  little,  effect  on  transfer  length.  For 
practical  purposes  the  effect  of  concrete  strength  could  be  neglected.  AASHTO  1.6.18 
sets  the  minimum  compressive  concrete  strength  at  transfer  to  4,000  psi.  Likewise,  ACI 
sets  3,000  psi  as  the  minimum  compressive  strength  at  transfer  for  3/8”  strand  or  smaller 
and  3500  psi  for  larger  strands. 

On  the  other  hand,  acknowledgeable  designers  can  take  advantage  of  the 
improved  bond  performance  of  higher  concrete  strength  by  specifying  the  design 
concrete  strength  at  transfer  in  the  contract  documents. 
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2.7.3.3  Mechanical  Interlocking 

Mechanical  interlocking  is  a bond  mechanism  mobilized  when  the  strand  tries  to 
slip  without  twisting.  If  the  strand  is  allowed  to  rotate,  the  strand  will  twist,  i.e. 
effectively  un-screwing  itself,  through  the  concrete  and  the  mechanical  interlocking  is 
ineffective. 

The  magnitude  of  the  mechanical  interlocking  contribution  to  bond  is  not  clear. 
Stocker  and  Sozen  [75]  performed  a series  of  pullout  tests  where  the  strand  was 
restrained  from  twisting  and  compared  the  results  to  those  from  tests  where  the  strand 
was  allowed  to  twist.  They  expected  an  increase  in  pullout  force,  but  little  difference  was 
found  between  the  pullout  force  for  specimens  where  twist  was  restrained  and  those 
where  twisting  was  allowed.  These  results  led  to  discounting  the  bond  stresses  due  to 
mechanical  interlocking. 

Russell  and  Burns  [68-71]  found  the  mechanical  interlocking  to  be  a major 
contributor  to  the  flexural  bond.  They  pointed  to  evenly  dispersed  crack  patterns  as 
evidence  of  the  mechanical  interlocking.  They  explained  that  test  setup  used  by  Stocker 
and  Sozen  allowed  for  longer  “Free  Strand”'*  than  those  found  in  actual  pretensioned 
beams.  The  test  setup,  used  by  Stoker  and  Sozen,  restrained  the  strand  several  inches 
from  the  point  where  the  strand  entered  the  concrete.  Consequently,  the  torsional 
restraint  was  reduced  rendering  the  mechanical  interlocking  ineffective.  According  to 
Russell  and  Burns  the  actual  “Free  Strand”  in  pretensioned  concrete  members  is  exactly 
the  width  of  the  crack. 


Distance  between  points  where  the  twisting  is  restrained 
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2.7.3.4  Specimen  Age 

Transfer  length  does  not  significantly  vary  with  the  age  of  the  specimen  at  the 
time  the  transfer  length  is  measured.  One  of  the  few  advantages  of  measuring  transfer 
length  on  an  older  specimen  is  that  the  strain  profile  is  less  erratic. 

However,  specimen  age  at  the  time  the  strands  are  detensioned  do  affect  the 
transfer  length.  In  his  report  to  the  FHWA  [13,  14],  Buckner  found  a correlation  between 
transfer  length  and  an  apparent  concrete’s  Modulus  of  Elasticity,  Equation  2. 16. 

_fsc*db 

- - Equation  2.16 

Xic 

where  Ec  is  the  apparent  Modulus  of  Elasticity,  back  computed  from  measured  strains. 

Buckner  then  simplified  this  equation  for  a compressive  strength,  f ci  equal  to 
3,500  psi  and  normal  weight  concrete.  He  reasoned  that  3,500-psi  is  the  industry’s  target 
concrete  strength  for  detensioning  the  strands.  The  above  equation  was  simplified  and 
became.  Equation  2.17, 


L = 


hi  db 
3 


Equation  2 .17 


where,  fsi  is  the  initial  strand  stress. 

First  presented  by  the  researchers  at  the  Florida  Department  of  Transportation, 
Equation  2.17,  represents  the  mean  of  their  measured  transfer  lengths  [74],  Equation 
2. 17  is  the  transfer  length  portion  of  the  expression  they  proposed  for  estimating  the 
development  length.  Equation  2.8.  The  proposed  expression.  Equation  2. 17,  with  it’s 
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simplifications  and  assumptions,  seems  reasonable  since  the  economics  of  the  industry 
demands  a quick  turn  around  in  the  casting  yard.  The  Precast/Prestressed  Concrete 
Institute  (PCI)  requires  a minimum  concrete’s  compressive  strength  of  3,500  psi  for  the 
detensioning  of  the  strands  in  their  Plant  Certification  Program.  In  addition,  PCI  requires 
a minimum  curing  period  of  28  days  [60], 

2. 7.3.5  Confinement  pressure 

Stoker  and  Sozen  [75]  applied  external  confining  (tri-axial)  pressure  on  specimens 
as  they  performed  short-embedment  pull-out  test.  They  found  an  improvement  in  bond 
performance  with  an  increase  in  pressure. 

2. 7.3.6  Concrete  Slump 

Stoker  and  Sozen  [75]  found  an  improvement  in  bond  performance  with  an 
increase  in  slump.  They  rationalized  that  the  higher  slump  concrete  would  have  more 
shrinkage  than  the  less  fluid  concrete.  The  confinement  pressure  on  the  strand  increased 
as  a result  of  the  shrinkage.  As  mentioned  above  the  bond  performance  improves  with 
increases  in  confining  pressures. 

2. 7.3.7  Specimen  Size 

Tests  at  the  University  of  Texas- Austin  [68-71],  have  shown  that  the  effect  of 
flame  cutting  the  strands  diminishes  with  the  specimen  size.  Their  explanation  for  this 
phenomena  is  that  as  the  specimen  size  increases  the  section  has  more  mass  to  absorb  the 
energy  released  by  the  strand,  since  the  strands  are  released  one  at  a time. 
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2.7.3.S  Aggregate  Type 

Den  Uijl  [21]  found  the  transfer  length  performance  of  strands  embedded  in 
Gravel  High  Performance  Concrete  to  be  two  times  better  than  in  regular  strength  gravel 
concrete.  For  limestone  concrete,  the  strands  embedded  in  HPC  performed  better  than  in 
regular  strength  concrete,  yet,  this  improvement  was  not  as  marked  as  with  gravel 
concrete. 

2.7.3.9  Concrete  Confinement 

Hanson  [30]  found  a 15%  reduction  in  transfer  length  for  strands  with 
confinement  steel  over  those  where  confinement  steel  was  omitted.  Russell  and  Burns 
[68-71],  research  project  at  UTA  found  that  the  presence  of  confining  steel  does  not 
affect  the  overall  performance  of  prestressing  strands. 

Meanwhile,  a research  project  conducted  at  the  Florida  DOT  showed  that  what 
Russell  and  Burns  stated  is  true  unless  the  section  has  cracked  at  the  transfer  stage  [74]. 

If  the  section  cracked  during  the  prestressing  strand  release  then  the  presence  of 
confining  steel  ensured  the  integrity  of  the  section  at  the  ultimate  stage  [13,  14]. 

Den  Uijl  [21]  found  the  confinement  capacity  of  high  performance  concrete, 
compared  to  that  of  regular  strength  concrete  with  the  same  cube  strength  at  transfer,  to 
be  more  efficient,  resulting  in  smaller  required  effective  cover  to  prevent  the  formation 
splitting  cracks.  The  presence  of  transverse  reinforcement  resulted  have  a favorable 
influence  on  anchorage  capacity 
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2.7.3.10  End-slip 

End  slip  measurements  have  shown  strong  correlation  to  the  strands  transfer 
length  performance.  End  slips  are  measured  under  the  same  conditions  in  which  the 
prestressing  force  in  the  strand  is  being  transferred  to  the  concrete,  i.e.  concrete  strength, 
specimen  age,  confinement,  etc.  The  measurement  is  simple  and  inexpensive. 

Several  equations  have  been  developed  to  relate  the  end-slip  to  the  transfer  length. 
These  expressions  are  developed  from  the  integration  of  the  difference  between  the  steel 
strain  and  concrete  strain  over  the  transfer  zone.  The  expression  frequently  seen  in  the 
American  literature  is  based  on  the  assumed  linear  distribution  of  the  strains.  This 
assumption  yields  Equation  2.18. 


The  FIP  and  European  researchers  have  developed  the  following  expression 
where  the  strain  distribution  is  assumed  parabolic.  Equation  2.19.  [6,7,9- 1 1,13,14] 


The  relationship  between  end  slip  and  transfer  length  is  explored  in  more  detail  in 
Section  2.8  and  Chapter  4. 


Equation  2.18 


Where  Les  is  the  end-slip  or  draw-in^ 


Equation  2.19 


^ The  end-slip  is  the  length  of  strand  drawn  into  concrete  section  when  the  prestressing  strands  are 


released  from  the  bulkheads. 
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2.7.3.11  Transfer  Method:  Flame  Cut  versus  Gradual  Release. 

Kaar,  LaFraugh  and  Mass  (29)  found  that  transfer  lengths  were  20%  longer  on  the 
flame-cut  sides  than  on  the  free  ends,  Holmberg  & Lingren  reported  reductions  of  20% 
on  the  transfer  length  for  gradually  released  strands  over  flame-cut  strands. 

2.7.3.12  Strand  size 

The  expressions  presented  in  the  ACT  318-99  Commentary  and  Section 
1 1.4.3  of  ACI  318-99  assumes  that  the  transfer  length  is  linearly  proportional  to  the 
strands  diameter.  This  assumption  held  true  for  strands  up  to  0.52  and  9/16”  in  diameter. 
Detherage  et  al.  found  that  0.6”  strands  did  not  followed  this  trend  [19],  They  found  that 
although  the  transfer  length  had  increased  for  the  0,6”  strand  the  increase  was  not 
proportional  to  the  increase  in  strand  diameter. 

Russell  and  Burns,  although  the  equation  proposed  assumes  a linear  relationship 
between  transfer  length  and  strand  diameter,  found  this  relationship  to  follow  an 
exponential  curve  [70],  McGill  University’s  research  team  found  that  the  transfer  and 
development  length  are  directly  proportional  to  the  strands  diameter  [1,2]. 

2.7.3.13  Straud  spacing 

Tests  at  the  University  of  Texas  Austin  [70],  Florida  Department  of 
Transportation  [74]  and  the  University  of  Tennessee-Knoxville  [19]  showed  that  strands 
spaced  at  3.5  db  performed  similar  to  strands  spaced  at  AASHTO  required  spacing  of  4db. 
In  his  report  to  FHWA,  Buckner  [13,14]  suggested  relaxing  the  four  strand  diameters 
(4db)  spacing  restriction  imposed  on  the  FHWA  Memorandum. 
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2.7.3.14  Strand  Surface  Condition 

Research  projects  at  Oklahoma  University  [66,  67]  have  demonstrated  that 
weathering  the  strand  surface  can  improve  bond  performance  by  up  to  60%.  Hanson  [31] 
found  that  rust  improved  the  strands  bond  performance  by  up  to  53%  and  30%  on 
average  over  cleaned  strands. 

Buckner  in  his  project  for  the  Federal  Highway  Administration  found  that  the 
coefficient  of  friction  is  too  erratic  to  be  used  as  a predictor  of  the  bond  performance  [13, 
14]. 

Hanson  and  Kaar  cleaned  the  strands  used  in  their  project  with  carbon 
tetrachloride.  Recent  tests  have  shown  that  strands  cleaned  with  carbon  tetrachloride 
behave  similar  to  strands  exposed  to  moist  environment  for  four  (4)  days.  Current  design 
provisions  are  based  on  the  results  of  Hanson  and  Kaar’s  project. 

2.7.3.15  Pullout  force 

It  has  been  proposed  that  only  strands  with  pullout  exceeding  the  benchmarks 
established  by  Moustafa’s  pull-out  tests  in  1974  and  1992  at  CTC  be  used  for  research 
projects  [45].  The  simple  pull-out  test  do  not  reproduce  the  Hoyer’s  effect,  resulting 
from  the  swelling  of  the  strand  at  transfer.  Hoyer’s  effect  and  the  frictional  forces 
associated  with  it  are  considered  an  important  component  of  the  bond  performance 
phenomena. 

Cousins,  Badeaux  and  Moustafa  (12)  attempted  a tensioned  pullout  test  at 
Louisiana  State  University.  This  test  simulates  Hoyer’s  effect  by  pre-tensioning  the 
strands,  then  casting  a concrete  block  around  it.  The  concrete  block  is  then  pushed  from 
the  strand.  They  found  variations  similar  to  those  found  with  the  simple  pullout  tests 
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(Moustafa’s),  They  suggest  the  need  for  more  research  to  investigate  the  relationship 
between  their  test  method  and  transfer  length  results.  Research  at  Oklahoma  University 
attempted  to  find  such  relationship  and  found  the  test  to  be  too  erratic  and  difficult  to 
perform. 

Moustafa’s  pull-out  test  results  are  limited  to  qualitatively  describe  the  bond 
performance  of  prestressing  strands.  Tests  showed  that  strands  with  pull-out  tests 
exceeding  38,000  pounds  have  good  bond  performance.  Similar  tests  performed  at 
Oklahoma  University  showed  that  strands  with  high  (~32  kips)  pull-out  forces  exhibited 
good  bond  performance.  The  differences  in  the  benchmark  load,  from  38  kips  to  32  kips, 
were  attributed  to  the  difference  in  rate  of  loading  [66,  67]. 

Recently,  in  an  attempt  to  standardize  a simple  pull-out  test,  tests  were  conducted 
at  three  (3)  locations,  Stresscon  Corporation,  Florida  Wire  and  Cable,  Inc.  and  Oklahoma 
University.  All  three  sites  tested  the  same  set  of  strand  samples  under  similar  conditions. 
These  tests  showed  agreement  in  the  qualitative  results  between  sites.  Two  of  the  three 
sites  pull-out  forces  agreed  within  two  or  three  thousand  pounds.  The  average  pull-out 
force  of  the  third  site  lagged  the  first  two  by  more  than  9,000  pounds. 

Preliminary  results  at  the  University  of  Florida  with  3/8”  strand  showed  no 
difference  in  pull-out  for  strands  with  smooth  and  indented  wires.  The  measured  transfer 
length  for  the  strands  with  smooth  wires  was,  on  average,  50%  longer  than  those 
measured  for  indented  wire  strands. 

2.7.3.16  Strand  Position 

No  research  program  has  evaluated  the  strand’s  performance  with  12”  or  more  of 
concrete  underneath  the  strand.  Researchers  at  University  of  Tennessee  Knoxville 
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reported  measured  end  slips  ranging  from  1.5  to  5. 1 times  those  measured  on  the  bottom 
strands  of  the  same  specimen  [19],  The  average  value  was  2.6. 

2.7.3.17  Load  Type:  Cyclic  Loading  versus  Static  Loading 

The  University  Texas  at  Austin  reported  little  deterioration  of  the  flexural  bond 
occurring  under  cyclic  loading  at  service  load  (i.e.  load  that  causes  an  extreme  tension 
fiber  stress  of  bVf 'c)  [70].  They  observed  that  slip  occurred  during  periodic  overloads 
(160  to  180%  of  the  service  load),  but  then  stabilized.  They  concluded  that  the  slip  was 
due  to  the  overloads,  not  due  to  the  distress  caused  by  the  cyclic  loading.  Bond  fatigue  is 
not  a concern  in  the  performance  of  prestressing  strands.  The  overall  behavior  under 
cyclic  loading  was  similar  to  that  of  the  companion  specimens  loaded  under  static  load. 

2.8  End  Slip  - Transfer  Length  Relationship 

The  region  where  the  strains  are  increasing  is  called  the  transfer  region.  The 
length  over  which  the  strains  are  increasing,  i.e.  the  prestress  is  being  transferred  from  the 
strand  to  the  concrete,  is  called  the  transfer  length,  Lt.  Researchers  have  argued  that  the 
strain  variations  follow  a parabolic  profile  [6,7,10-12,28],  yet  others  have  simplified  it  to 
a linear  profile  [66-72].  Others  have  observed  the  strain  variation  to  consist  of  a concave 
region  followed  by  a linear  portion  and  finally  a convex  portion  [1,2].  The  plateau 
region  is  where  the  prestressing  force  has  already  been  transferred  to  the  concrete.  The 
areas  outside  this  plot,  and  bounded  by  the  vertical  axis  and  the  maximum  strain,  the 
shaded  area  in  Figure  2.5,  is  the  end  slip. 
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Distance  along  Specimen 


Figure  2-4  Graphical  representation  of  the  End-Slip. 

This  relation  is  summarized  in  Equation  2.20,  where  8pi  is  the  initial  prestressing 
strain  and  Ss  (x)  and  Sc  (x)  are  the  steel  and  concrete  strain  as  a function  of  the  distance 
from  the  end  of  the  beam. 

Les  = £pi  - (ss(x)  + 8c(x))dx  Equation  2.20 

The  exact  expressions  describing  the  variation  of  the  steel  and  concrete  strains 
along  the  transfer  zone  are  not  known;  yet  the  shape  of  them  will  suffice.  Realizing  that 
Equation  2.20  is  no  more  than  the  shaded  area  in  Figure  2,  this  expression  can  be  reduced 
to  Equation  2.21  or  Equation  2.22.  Note  that  Equation  2.21  and  Equation  2.22  are  equal 
for  initial  prestressing  in  the  elastic  range. 


]_ 

X 


Les  = — * Spi  * Lt 


Equation  2.21 


Les 


X fpi 


Equation  2.22 


Where  X describe  the  assumed  shape  of  the  strain  variation.  The  parameter  X can 
assume  a value  of  2,  3 or  4.6  depending  on  the  assumed  strain  profile,  linear,  parabolic  or 
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elliptic,  respectively.  Solving  Equation  2.21  for  the  transfer  length,  Lt,  an  expression  for 
transfer  length  is  obtained,  Equation  2.23. 

Lt  = ;i*—  Equation  2.23 

£pi 

Currently  two  slip  theory  based  transfer  length  expressions  are  generally 
accepted.  In  the  United  States,  the  generally  accepted  expression  assumes  a linear 
profile,  Equation  2.18,  One  proposed  by  the  International  Federation  of  Concrete,  FEP, 
assumes  a parabolic  strain  profile,  Equation  2. 19. 

Equation  2.18 
Equation  2.19 

These  expressions  have  been  consistently  proven  by  research  work  done  in 
various  laboratories.  Equation  2,18  coincides  with  the  average  of  the  available  data. 

Polish  researchers  have  found  A,  to  be  2.86  and  through  simulations  it  was  found  that  the 
actual  value  of  A lies  between  2.4  and  2,7  with  an  average  of  2.56(den  Uijl). 


L.  = 2‘  — 

£pi 

L,  = 3*  — 

£pi 


CHAPTER  3 


EXPERIMENTAL  PROGRAM 
3.1  Introduction 

Research  efforts  to  investigate  bond  transfer  and  development  length  performance 
of  prestressing  strands  at  the  University  of  Florida  were  initiated  in  December  1 996.  The 
main  thrust  of  these  efforts  were  focused  toward  improving  the  state  of  knowledge  on  the 
effect  of  the  diameter  of  prestressing  strands,  i.e.  strand  size,  on  transfer  length  and 
flexural  bond  performance.  To  a lesser  extent,  the  effect  of  the  stress  in  the  strand  prior 
to  transfer  was  also  investigated. 

A research  program  was  designed  to  mimic  current  prestressed  concrete  industry 
standards.  Forty  (40)  specimens  were  fabricated  and  tested.  With  the  exception  of  series 
UF13  and  UF14,  which  were  fabricated  at  Gate  Concrete  Products  Jacksonville,  Florida, 
all  the  specimens  were  fabricated  and  tested  at  the  Structures  Research  Laboratory, 
Department  of  Civil  Engineering,  University  of  Florida.  The  fabrication  and  testing  of 
these  specimens  was  done  in  four  (4)  phases. 

3.2  Experimental  Phases 

The  first  phase  of  this  research  program,  series  UF  1 , studied  bond,  transfer  and 
development  length  performance  1/2"  Grade  270  strand  and  its  adequacy  for  prestressing 
applications.  This  phase  consisted  of  six  flexural  test  specimens  reinforced  with 
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prestressing  strands  from  a single  coil  of  strand.  The  six  specimens  were  fabricated 
simultaneously  in  a single  concrete  placement.  Phase  I was  completed  in  May  1996. 

The  second  phase,  Phase  II,  consisting  of  series  UF  2 through  UF  7,  investigated 
the  effect  of  various  manufacturing  processes  on  the  bond,  transfer  and  development 
length  performance  of  1/2"  Grade  270  prestressing  strands.  Two  flexural  test  beam 
specimens  and  a simple  pull  out  specimen  were  fabricated  and  tested  for  each  series. 

The  bond  performance  of  strands  produced  following  two  different  manufacturing 
processes  were  compared  in  each  of  these  series.  That  is  each  specimen  within  a series 
was  reinforced  with  strands  from  different  strand  coils. 

The  samples  of  strands  were  provided  to  the  research  team  in  a blind  manner,  that 
is  the  research  team  was  provided  only  with  the  strand  serial  number,  allowing  the 
sponsors  to  keep  track  of  the  strands.  For  this  reason,  the  research  team  had  no 
knowledge  whether  or  not  strands  in  different  coils  were  actually  the  same  strand  or 
strands  produced  at  different  production  lines,  but  following  similar  production 
processes.  The  changes  in  manufacturing  processes,  or  the  extent  to  which  the 
manufacturing  processes  were  varied,  were  not  provided  to  the  research  team. 

A simple  pull  out  specimen  consisted  of  twelve  strands,  four  (4)  samples  from 
each  of  the  strands  being  tested,  plus  four  (4)  control  strand  samples.  Phase  2 began  on 
September  1997  and  concluded  in  February  1998. 

Phase  III  consisted  of  series  UF  8 through  UF  14.  The  principal  variable  studied 
was  the  effect  of  the  strand’s  diameter  on  bond  transfer  and  development  length 
performance  of  Grade  270  prestressing  strands.  The  strand  sizes  studied  included:  3/8”, 
3/8”  indented,  1/2"  special,  6/10”  and  7/10”.  Specimens  for  Phase  III  were  scaled  with 
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respect  to  the  diameter  of  the  strands  with  which  they  were  reinforced  to  achieve  cover  to 
strand  diameter  ratio,  extreme  fiber  stresses  at  transfer,  confinement  steel  and  strand 
stress  at  the  limit  state  similar  to  those  of  the  specimens  used  in  Phases  I and  II. 

Specimen  dimensions  are  presented  on  Table  3.1 

Each  of  the  seven  series  of  Phase  III  consisted  of  two  flexural  test  beams  and  a 
simple  pull  out  block.  Series  UF  8 through  UF  12  were  fabricated  at  the  Structures 
Research  Laboratory.  Series  UF  13,  reinforced  with  6/10”strand,  and  UF  14,  reinforced 
with  7/10”  strand,  were  fabricated  simultaneously  at  Gate  Concrete  Products, 

Jacksonville  Florida.  This  phase  ran  from  December  1998  to  September  1999. 

Phase  IV,  completed  in  December  1999,  studied  the  effect  of  higher  strength 
strands  and  strand  diameter.  Phase  IV  consisted  of  series  UF  1 5 through  UF  1 8,  each 
series  consisting  of  two  flexural  test  beams.  The  specimen  cross-sections  were  similar  to 
those  used  in  Phase  III.  See  Table  3.1. 

The  strands  studied  were  Grade  290  and  Grade  300,  i.e.  a guaranteed  breaking 
strength  of  290  ksi  and  300  ksi.  The  initial  prestress  level,  although  still  seventy-five 
percent  (75%)  of  the  breaking  strength,  were  approximately  217  ksi  and  225  ksi, 
respectively. 


3.3  Specimen  Design 

The  specimens  were  designed  to  provide  worst-case  conditions  for  transfer  and 
flexural  bond  tests.  In  addition,  the  specimens,  the  materials  used  for  their  fabrication 
and  their  fabrication  were  to  conform  to  current  prestressed  concrete  industry  standards. 

The  concrete  mix  used  mimicked  that  used  in  the  industry.  The  strands  were 
provided  with  a four-strand  diameters  concrete  cover.  The  prestressing  strands  were 
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tensioned  to  75%  of  the  guaranteed  ultimate  strength  and  detensioned  by  flame-cutting. 
Detensioning  of  the  strand  was  done  after  the  concrete  had  achieved  a minimum 
compressive  strength  of  3,500  psi.  A maximum  compressive  strength  of  the  concrete  of 
4300  psi  was  observed  for  detensioning.  Detensioning  typically  occurred  within  24  hours 
after  placing  the  concrete.  On  Phase  III  and  Phase  IV,  specimens  were  allowed  to  cure 
for  at  least  28  days  before  performing  flexural  bond  tests. 

An  under-reinforced'  section  was  selected  to  ensure  a high  level  of  deformations 
in  the  strand  at  flexural  capacity.  The  compressive  stresses  in  the  extreme  fiber  of  the 
concrete  section  were  not  to  exceed  ACI  allowable  stresses  at  transfer.  Top  mild 
reinforcement  was  provided  to  resist  tensile  stresses  developed  at  transfer  of  the 
prestressing  force.  The  mild  reinforcement,  in  conjunction  with  an  under-reinforced 
section,  ensured  large  deformations  in  the  strand  at  the  limit  state. 

The  design  of  the  specimens  reinforced  with  1/2"  Grade  270  strands  followed  the 
design  philosophy  presented  by  researchers  at  the  University  of  Oklahoma  [69].  By 
standardizing  the  design  of  the  specimens,  thereby  removing  it  as  a variable,  allowed  a 
more  direct  comparison  of  the  published  results,  by  the  researchers  at  Oklahoma 
University,  to  those  obtained  at  the  University  of  Florida.  Specimens  reinforced  with 
different  diameter  strands  were  scaled  based  on  the  1/2"  strand  specimen. 


An  under-reinforced  section  is  a section  that  achieves  yielding  in  the  reinforcing  (tension)  steel  prior  to 
the  crushing  (compression)  of  the  concrete  at  failure. 
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3.4  Specimen  Nomenclature 

The  specimens  were  labeled  with  an  identification  code.  Information  such  as  the 
strand  diameter  and  strand  grade  is  provided  by  this  code.  In  addition  the  series  and 
casting  bed  in  which  the  specimen  was  fabricated  is  provided. 

A typical  identification  code  would  be  UF  “SS”  - “CB”  - “Db”  - “GD”,  where 
“UF”  identifies  the  research  institution,  the  University  of  Florida  and  “SS”  and  “CB” 
refer  to  the  series  and  casting  bed  number,  respectively.  Strand  information  is  provided 
on  the  last  two  characters,  “Db”,  the  strand  diameter  expressed  as  a fraction,  and  “GD”, 
the  Grade  of  the  strand. 

A lower  case  character  following  the  strand  diameter  character  provides 
additional  information  about  the  strand.  A “3/8i”  indicates  3/8”  indented  strand  and  an 
l/2s  indicates  a 1/2"  special  strand.  For  example,  specimen  UF  8-l-3/8i-270  was 
casted  on  the  eighth  series  (8),  on  the  casting  bed  number  one  (1)  and  is  reinforced  with  a 
three-eighth  of  an  inch  (3/8”)  Grade  270  strand  with  indented  outer  wires. 

The  ends  of  the  specimens  are  further  identified  as  “Cut”,  or  “Cut  End”,  and 
Free  , or  “Free  End”.  The  ends  closest  to  the  point  were  the  strand  was  flame-cut  were 
identified  as  “Cut”.  The  opposite  end  was  identified  as  “Free”.  Whenever  the  strands 
were  flame-cut  at  one  end  of  the  prestressing  bed,  the  end  of  the  beam,  on  the  casting  bed 
next  to  the  casting  bed  where  the  actual  “Cut  End”  occurred,  closest  to  the  actual  cut  was 
also  named  “Cut  End”.  Figure  3.1  presents  a schematic  of  the  prestressing  beds  and  the 
labeling  of  the  specimen  associated  to  the  cut  sequence. 
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Case  I:  Flame  Cut  at  One  End 


Case  II:  Flame  Cut  Between  Specimens 


N 


Figure  3-1  Schematic  of  Prestressing  Beds  and  Cut  Sequence 


3.5  Specimen  Description 

The  specimens  were  prismatic  beams  with  a rectangular  cross-section.  Each 
beam  was  reinforced  with  two  (2)  prestressing  strands  in  the  bottom  of  the  cross-section 
and  two  (2)  mild  steel  deformed,  reinforcing  bars  on  the  compression  zone  of  the  cross- 
section.  Closed  U-shaped  stirrups  were  provided  as  shear  reinforcement.  All  the 
specimens  were  fabricated  with  normal  weight  concrete.  A schematic  of  the  specimens 
cross-section  is  presented  in  Figure  3.2. 


l< — Width  H 


Mild  Corrpression 
Reinforcement 


Shear  Reinforcement 


Prestressing  Strand 
Reinforcement 

Bottom  and  Side 
Cover 


Figure  3-2  Schematic  of  the  specimen  cross-section 
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The  specimens  were  scaled  such  that  cover  to  strand  diameter  ratio,  stresses  in  the 
extreme  concrete  fibers  at  release  and  stresses  in  the  strand  at  the  limit  state  were 
comparable  to  those  on  the  specimens  used  on  Phases  I and  II  of  these  research  program. 
Table  3.1  summarizes  the  pertinent  information  for  each  specimen,  such  as  dimensions 
and  reinforcement  schedule. 

Table  3-1  Summary  of  Specimen  Description 


Series 

Dimensions 

Reinforcement 

Prestress 

Compression 

Shear 

UF  1 

6”x  12”x  17’ 

1/2"  - 270 

2#6 

#2  @ 6” 

UF2 

6”x  12”  X 17’ 

1/2"  - 270 

2#6 

#2  @ 6” 

UF3 

6”x  12”x  17’ 

1/2"  - 270 

2#6 

#2  @ 6” 

UF4 

6”x  12”x  17’ 

1/2"  - 270 

2#6 

#2  @ 6” 

UF5 

6”x  12”x  17’ 

1/2"  - 270 

2#6 

#2  @ 6” 

UF6 

6”x  12”x  17’ 

1/2"  - 270 

2#6 

#2  @ 6” 

UF7 

6”x  12”x  17’ 

1/2"  - 270 

2#6 

#2  @ 6” 

UF  8 

4 1/2"  X 9”  X 17’ 

3/8"  - 270 

2#4 

#2@ 

UF9 

4 '/2"x9”x  17’ 

3/8"  - 270 

2#4 

#2@ 

UF  10 

4'/2"x9”x  17’ 

3/8"  - 270 

2#4 

#2  @ 

UF  11 

6”x  12”x  17’ 

l/2"s  - 270 

2#6 

#2  @ 6” 

UF  12 

6”x  10  1/2”  X 17’ 

3/8"  - 270 

2#4 

#2@ 

UF  13 

7 1/8”  X 14  1/4”  X 24’ 

6/10"  -270 

2#8 

#3  @ 9” 

UF  14 

8 1/4"  X 16  5/8”  X 24’ 

7/10"  - 270 

2#8 

#3  @ 6” 

UF  15 

6”x  10  1/2"  X 17’ 

3/8"  - 270 

2#4 

#2  @ 9” 

UF  16 

6”x  12”x  17’ 

1/2"  - 300 

2#6 

#2  @ 6” 

UF  17 

6”x  10  1/2"  X 17’ 

3/8"  - 300 

2#4 

#2  @ 9” 

UF  18 

6”x  12”x  17’ 

l/2"s  - 290 

2#6 

#2  @ 9” 

The  prestressing  strands  were  placed  at  four  (4)  times  the  strand  diameter  from  the 


bottom  of  the  cross-section.  With  the  exception  series  UF12,  UF15  and  UF17,  a side 
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concrete  cover  of  four-strand  diameters  was  provided  for  the  strands.  For  series  UF12, 
UF15  and  UF17  a two-inch  (2”)  side  cover  was  provided.  The  shear  reinforcement  on 
specimen  UF18  was  mistakenly  spaced  a 9”  on  center,  instead  of  6”  on  center. 

A three-fourth  of  an  inch  (3/4”)  clear  cover^  was  provided  for  the  mild 
reinforcement.  This  distance  is  measured  from  the  outermost  surface  of  the  stirrups  to 
the  edge  of  the  concrete  section.  The  stirrups  were  supported  on  the  longitudinal 
reinforcement  bars.  The  scaling  of  the  shear  reinforcement  was  done  based  on  the 
confinement,  or  amount  of  steel  in  the  longitudinal  cross-section,  not  shear  strength. 
Additional  shear  reinforcement  was  provided  at  the  ends  of  the  specimens  for  a distance 
approximately  equal  to  twice  the  effective  depth  of  the  beam,  or  specimen.  This 
additional  reinforcement,  twice  of  that  provided  along  the  specimen,  was  provided  to 
prevent  the  formation  of  cracks  along  the  strand  and  bursting  cracks  at  transfer  in  the 
specimens. 


3.6  Materials  Properties 

3.6.1  Prestressing  Steel 

The  prestressing  steel  used  conformed  to  the  specifications  put  forth  by  the  American 
Society  of  Testing  and  Measurements,  ASTM  A 416/A  416M  - 94a,  Standard 
Specification  for  Steel  Strand,  Uncoated  Seven-Wire  for  Prestressed  Concrete.  The 
strands  used  were  seven-wire  strands  in  as-received  condition.  Most  of  the  strands  were 

^ Clear  cover  is  the  shortest  distance  from  the  edge  of  the  concrete  section  to  the  outermost  surface  of  the 
reinforcing  bar,  or  strand.  Cover  is  the  distance  from  the  edge  of  the  concrete  section  to  the  center  of 
gravity  of  the  outermost  bar  or  strand. 
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classified  as  having  surface  condition  type  1 or  type  2,  according  to  Sason’s  Surface 
Condition  Chart  [73],  Type  1 surface  condition  is  the  surface  condition  of  a strand  as  it 
comes  out  of  the  production  line,  See  Appendix  I for  Sason's  Surface  Condition  Chart. 
The  strand  used  in  series  UF14,  7/10”  Grade  270,  was  slightly  rusted  but  it  was  not 
pitted,  thus  it  was  classified  as  surface  condition  type  3,  in  accordance  with  Sason’s 
surface  condition  chart. 

The  strands  studied  were  3/8”  and  1/2",  both  Grade  270  and  Grade  300,  1/2"  special. 
Grade  270  and  290,  6/10”  and  7/10”,  both  Grade  270.  Table  3.2  summarizes  this 
information. 

Table  3-2  Summary  of  Prestressing  Strand  Properties 


Strand  ID 

Grade 

Nominal 

Area 

(in^) 

Actual 

Area 

(in^) 

Load 
@ 1% 
(kip) 

Breaking 

Load 

(kip) 

Elongation 

(%) 

Young’s 

Modulus 

(ksi) 

3/8” 

270 

300 

.085 

0.085 

0.084 

21.85 

24.27 

24.00 

26.99 

6.25 

5.32 

29700 

29400 

3/8”i 

270 

.085 

.088 

22.20 

24.60 

4.95 

28000 

1/2" 

270 

300 

.153 

.149 

.155 

40.76 

42.53 

43.74^ 

46.93 

5.21 

5.21 

28800 

29300 

1/2" 

270 

.167 

.163 

42.00 

46.06 

4.47 

28700 

Special 

290 

.165 

42.92 

46.60 

5.83 

28900 

6/10” 

270 

.217 

.218 

55.42 

60.81 

5.00 

27700 

7/10” 

270 

.294 

.297 

75.05 

83.53 

6.13 

27900 

For  computation  purposes,  the  stress-strain  relationships  presented  in  the 
Prestressed/Precast  Concrete  Institute  Design  Handbook  were  used  to  estimate  the 
stresses  in  the  strand.  See  Equation  3.1 


^ Values  for  the  1/2"  Grade  270  strands  are  the  average  of  samples  from  the  eight  (8)  coils  used. 
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fps 


= 270- 


0.04 


Sps  - 0,007 


Equation  3,1 


For  the  higher-grade  strands,  i.e.  Grade  290  and  Grade  300,  the  expression 
proposed  by  Prestressed/Precast  Concrete  Institute  was  modified  to  account  for  the  higher 
guaranteed  strength.  The  PCI  expression  was  modified  by  a factor  equal  to  the  ratio  of 
the  grade  of  the  strand  to  the  grade  of  the  strand  for  which  the  expression  is  intended. 
Equation  3.2  describes  the  stress-strain  relationship  for  the  Grade  300  strand. 


fps  = 270 


300 

270 


0,04 


300 


£ps  - 0.007 


300 

270 


Equation  3.2 


where  fps  is  the  stress  in  the  strand,  and 
8ps  is  the  strain  in  the  strand. 

3.6.2  Mild  Steel 

Compression  reinforcement  consisted  of  two  (2)  deformed  reinforcing  Grade  60 
bars  in  accordance  with  ASTM  A 61 5.  Shear  reinforcement  consisted  of  #2  smooth  wire 
and  #3  deformed  bars,  bent  into  a closed  U-shaped  stirrup.  The  #2  smooth  wire  stirrups 
were  bent  at  the  Florida  Department  of  Transportation,  Materials  Laboratory,  Waldo 
Road,  Gainesville  Florida.  The  #3  stirrups  were  provided  by  SMI  Steel,  Whitehouse 
(Jacksonville),  Florida.  The  reinforcement  schedule  is  presented  in  Table  3.1. 
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3.6.3  Concrete 

The  concrete  mix  was  designed  to  mimic  current  prestressed  concrete  industry 
standards.  The  design  slump  ranged  between  4 1/2”  and  7 1/2".  The  design  compressive 
strength  for  the  mix  used  is  6200  psi  and  7900  psi  at  7 days  and  28  days,  respectively. 
Typical  values  for  the  measured  slump  ranged  between  3”  and  4 1/2". 

The  concrete  strength  twenty-four  (24)  hours  after  casting  ranged  between  3500 
psi  and  4300  psi.  The  28-day  compressive  strengths  ranged  between  7200  psi  and  9000 
psi.  A summary  of  the  concrete  mix  is  presented  on  Table  3.3 

Table  3-3  Summary  of  Concrete  Mix 


Material 

Description 

Unit 

Quantity 

Cement 

AASHTO  M-85  Type  II 

lb. 

686.0 

Water 

lb. 

287.8 

Aggregate 

Crushed  Limestone 

lb. 

1720.0 

Silica  Sand 

lb. 

912.0 

MBVR-S  Master  Builders 

oz. 

10.0 

Admixtures 

Fly  Ash  - ASTM  C-618  Class  F 

lb. 

154.0 

Pozzolith  lOOXRMB 

oz. 

45.0 

Pozzolith  440-N  MB 

oz. 

69.0 

3.7  Specimen  Fabrication 

The  specimens  for  series  UFl  through  UF12  and  series  UF15  through  UF 18  were 
fabricated  at  the  Structures  Research  Laboratory,  Department  of  Civil  Engineering, 
University  of  Florida,  Gainesville,  Florida.  Series  UFl  3 and  UFl  4 were  cast 
simultaneously  at  Gate  Concrete  Products,  Jacksonville  Florida. 

For  series  UFl,  UF2,  UF8,  UF9,  UF  10,  UFl 3 and  UFl 4,  forms  were  fabricated 
with  3/4"  plywood  sheets.  Two-by-six  (2”  x 6”)  whalers  were  provided  for  lateral 
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rigidity.  For  series  UF3  through  UF7,  series  UFl  land  UF12,  and  series  UF15  through 
UF18,  steel  forms  were  used.  The  steel  forms  consisted  of  two  (2),  twelve  (12”)  inch 
high  rolled  channel  sections,  as  sides,  attached  to  a two-feet  high  wide  flange  section. 

The  wide  flanged  section  was  bolted  to  the  Laboratory’s  reaction  floor. 

Threaded  rods  with  lock  nuts  spaced  eighteen  inches  (18”)  apart  on  the  plywood 
forms,  and  three  feet  (3’)  apart  on  the  steel  forms,  were  used  to  maintain  the  required 
dimensions  and  shape.  After  oiling  the  forms,  the  reinforcement  cages  were  placed 
inside  the  forms,  supported  on  the  threaded  rods.  The  reinforcement  was  secured  in  place 
with  wire-ties  and  the  prestressing  strand  threaded  through  the  reinforcement  cage. 
Extreme  care  was  taken  not  to  contaminate  the  strand  with  form  oil  or  any  other 
substance. 

The  prestressing  strands  were  tensioned  with  a 60  Ton  jack  actuated  by  manual 
pump.  The  strands  were  initially  stressed  to  25%  - 30%  of  the  target  prestress  level.  At 
this  point,  the  alignment  of  the  forms  was  verified  and  corrected,  if  needed. 

The  strands  were  stressed  incrementally,  one  at  a time,  to  75%  of  the  Guaranteed 
Ultimate  Strength,  or  202.5  ksi,  217.5  ksi  and  225  ksi,  for  Grade  270,  Grade  290  and 
Grade  300  strands,  respectively.  The  sitting  in  the  clamping  devices,  chucks,  were 
measured  at  each  increment.  The  force  on  each  strand  was  measured  with  a 200  kip  load 
cell  at  the  jacking  end  and  verified  with  elongation  measurements.  The  sitting  losses 
were  compensated  by  overstressing  the  strand  by  an  elongation  equal  to  the  measured 
sitting  of  the  chuck  in  the  previous  stressing  step.  When  possible,  a 50  kip  load  cell  was 
provided  on  the  dead  end  of  the  prestressing  bed  to  verify  the  loads  on  the  strand. 
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The  concrete  was  produced  by  a local  ready-mix  producer  and  delivered  to  the 
Structures  Laboratory  in  a Mixer  truck.  Upon  arrival  to  the  Laboratory,  a slump  test  in 
accordance  with  ASTM  C 143  was  performed.  The  concrete  was  transferred  to  a cone- 
shaped  concrete  bucket  and  maneuvered  over  the  forms  with  an  overhead  crane.  The 
concrete  was  placed  in  removable  plywood  chutes/skirts  placed  on  the  forms  and  vibrated 
with  a two-inch  (2”)  electrically  driven  pencil-vibrator.  Anchor  points  were  inserted 
about  1 8”  from  the  ends  of  the  specimens.  The  top  surface  was  screeded  with  a piece  of 
two-by-four  lumber  and  finished  with  steel  trowels.  After  the  concrete  on  the  surface 
had  set,  the  specimens  were  covered  with  plastic  sheeting.  Twenty-four  (24)  six  by 
twelve  inches  (6”x  1 2”)  standard  cylinders  were  casted  on  each  casting  series  for  the 
monitoring  of  the  concrete’s  compressive  strength. 

The  forms  were  removed  approximately  1 6 hours  after  casting.  The  specimens 
were  wetted  and  excess  form  release  agent  removed  from  the  surface  of  the  specimen. 
Plexiglas  plates  were  attached  at  the  ends  of  the  specimens  to  provide  a smooth  surface 
for  the  displacement  measuring  instrumentation  probes.  Displacement  measuring 
instrumentation  was  clamped  to  the  strands.  Demountable  Mechanical  strain  gauges 
(DEMEC)  target  points  were  glued  to  the  surface  of  the  specimen  at  the  level  of  the 
strand  at  regular  intervals. 

The  prestressing  force  was  released  after  the  concrete  had  achieved  a compressive 
strength  between  3500  psi  and  4300  psi.  The  prestressing  strands  were  annealed'*  over  an 
18”  length  of  strand  and  flame-cut.  Excess  strand  was  cut  with  a radial  saw,  leaving  10” 

Annealing  is  a process  of  gradually  heating  the  strand.  This  process  reduces  the  magnitude  of  the  impact 


when  the  strand  breaks. 
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to  14”  protruding  from  the  face  of  the  specimen.  Table  3.4  summarizes  concrete  strength 
at  transfer  and  at  flexural  testing  as  well  as  the  initial,  effective  and  limit  state  stresses  in 
the  strands. 

Table  3-4.a  Summary  of  Concrete  Strength  and  Strand  Stress  (Phase  I) 


Specimen  ID 

Concrete  Strength  (psi) 

Strand  Stress  (ksi) 

@ 

Transfer 

@ 

Flexural 

Test 

Initial 

fpi 

Effective 

fpe 

Limit 

f 

^ps 

UF  1-1-1/2-270 

3450 

5450 

203.3 

182.3 

266.6 

UF  1-2-1/2-270 

3930 

5550 

208.2 

187,7 

266.7 

UF  1-3-1/2-270 

4280 

5660 

207.5 

187.6 

266.7 

UF  1-4-1/2-270 

3450 

5450 

203.3 

182.3 

266.6 

UF  1-5-1/2-270 

3930 

5550 

208.2 

187.7 

266.6 

UF  1-6-1/2-270 

4280 

5660 

207.5 

187.6 

266.6 

Table  3-4b.  Summary  of  Concrete  Strength  and  Strand  Stress  (Phase  II) 


Specimen  ID 

Concrete  Strength  (psi) 

Strand  Stress  (ksi) 

@ 

Transfer 

@ Flexural 
Test 

Initial 

fpi 

Effective 

fpe 

Limit  fps 

UF  2-1-1/2-270 

3850 

5800/7180^ 

202.0 

181.9/180.0 

266.8/267.1 

UF  2-2-1/2-270 

3850 

5800/7180 

202.0 

181.9/180.0 

266.8/267.1 

UF  3-1-1/2-270 

4360 

5800/7105 

201.0 

183.9/180.0 

266.7/267.2 

UF  3-2-1/2-270 

4360 

5800/7105 

201.0 

183.9/180.0 

266.7/267.2 

UF  4-1-1/2-270 

3840 

5530 

204,3 

183.9 

266.7 

UF  4-2-1/2-270 

3840 

5530 

204.3 

183.9 

266.7 

^ The  flexural  tests  on  the  ends  these  specimens  were  performed  on  different  dates.  The  cut  ends  were 
tested  three  days  after  casting.  The  free  ends  were  tested  a week  later.  The  concrete  strength,  effective 
prestress  and  prestress  at  the  limit  state  are  presented  at  the  time  the  ends  were  tested  in  the  following 


format:  Cut  End/Free  End. 
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Specimen  ID 

Concrete  Strength  (psi) 

Strand  Stress  (ksi) 

@ 

Transfer 

@ Flexural 
Test 

Initial 

fpi 

Effective 

fpe 

Limit  fps 

UF  5-1-1/2-270 

3470 

5100 

204.3 

183.2 

266.5 

UF  5-2-1/2-270 

3470 

5100 

204,3 

183.2 

266.5 

UF  6-1-1/2-270 

3930 

5800 

203.4 

183.4 

266.8 

UF  6-2-1/2-270 

3930 

5800 

203.4 

183.4 

266.8 

UF  7-1-1/2-270 

3780 

5075 

208.5 

187.6 

266.6 

UF  7-2-1/2-270 

3780 

5075 

208.5 

187.6 

266.6 

Table  3-5c.  Summary  of  Concrete  Strength  and  Strand  Stress  (Phase  III) 


Specimen  ID 

Concrete  Strength 
(psi) 

Strand  Stress  (ksi) 

@ 

Transfer 

@ 

Flexural 

Test 

Initial 

fpi 

Effective 

f 

Ape 

Limit 

f 

Aps 

UF  8-l-3/8i-270 

3865 

8100 

198.8 

174.1 

266.6 

UF  8-2-1/2-270 

3865 

8100 

198.8 

174.1 

266,6 

UF  9-l-3/8i-270 

4110 

8185 

201.2 

178.0 

266.7 

UF  9-2-3/8-270 

4110 

8185 

201.2 

178.0 

266.7 

UF  10-1-3/81-270 

3900 

8085 

201.8 

178.6 

266.7 

UF  10-2-3/8-270 

3900 

8085 

201.8 

178.6 

266.7 

UF  11-1-1/2S-270 

3755 

8100 

205.4 

179.0 

267.0 

UF  11-2-1/2S-270 

3755 

8100 

205.4 

179.0 

267.0 

UF  12-1-3/81-270 

4075 

7020 

201.8 

186.3 

267.5 

UF  12-2-3/8-270 

4075 

7020 

201,8 

186,3 

267,5 

UF  13-1-6/10-270 

3750 

9380 

199.3 

176.5 

267.9 

UF  13-2-6/10-270 

3750 

9380 

199.3 

176.5 

267.9 

UF  14-1-7/10-270 

3750 

9550 

195.1 

172.6 

267.8 

UF  14-2-7/10-270 

3750 

9550 

195.1 

172.6 

267.8 
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Table  3-6d.  Summary  of  Concrete  Strength  and  Strand  Stress  (Phase  IV) 


Specimen  ID 

Concrete  Strength  (psi) 

Strand  Stress  (ksi) 

@ 

Transfer 

@ 

Flexural 

Test 

Initial 

fpi 

Effective 

f 

ipe 

Limit 

f 

ApS 

UF  15-1-3/8-270 

3550 

8100 

202.3 

186.6 

267.8 

UF  15-2-3/8-270 

3550 

8680 

202.3 

186.0 

267.9 

UF  16-1-1/2-300 

4100 

6850 

224.8 

197.6 

296.1 

UF  16-2-1/2-300 

4100 

6630 

224.8 

197.7 

296.1 

UF  17-1-3/8-300 

3650 

5350 

225.3 

207.4 

296.6 

UF  17-2-3/8-300 

3650 

5350 

225.3 

207.4 

296.6 

UF  18-1-1/2S- 

4020 

6175 

218.4 

189.1 

285.7 

UF  18-2-1 /2s- 

4020 

6175 

218.4 

189.1 

285.7 

3.8  Experimental  Procedures  and  Instrumentation 

3.8.1  Concrete  Surface  Strain  Measurements  and  Determination  of  Transfer 
Length 

The  transfer  lengths  were  determined  from  deformations  measured  with  a digital 
Whittemore-Type  Demountable  Mechanical  (DEMEC)  Strain  Gage,  precise  to  0.00005”, 
along  each  beam  at  the  strand’s  level.  DEMEC  target  points,  stainless  steel  discs  Vs”  in 
diameter  with  a hole  milled  in  the  center,  were  attached  to  the  specimen’s  sides  at  the 
level  of  the  strand  along  the  specimen. 

The  target  points  were,  typically,  spaced  three-inches  (3”)  on  center,  with  the  first 
target  point  three-inches  (3”)  from  the  end  of  the  specimen.  The  gage  length,  the  distance 
over  which  the  deformation  is  being  measured,  was  six-inches  (6”).  For  series  UF8 
through  UFIO,  and  UF12  the  target  points  were  spaced  two-inches  (2”)  on  center  with  a 
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gage  length  of  four-inches  (4”).  For  series  UF14,  the  target  points  were  attached  at  4”  on 
center  with  the  first  target  point  2”  from  the  end,  with  a gage  length  of  eight-inches  (8”). 

The  concrete  surface  strain  were  computed  from  the  deformation  measurements 
and  corrected  for  the  strain  induced  by  the  weight  of  the  specimen  acting  on  the 
cambered  specimen.  Concrete  surface  strains  were  plotted  and  the  transfer  length 
estimated  using  the  slope-intercept  method  with  the  intercept  at  95%  of  the  maximum 
average  strain  and  the  95%  Average  Maximum  Strain  Method,  as  described  in  Reference 
[43]  and  Reference  [70],  A brief  description  of  these  two  methods  is  presented  in 
Chapter  4.  Figure  3.3  shows  a schematic  of  the  instrumentation  setup. 

3.8.2  End  Slip  Measurements  and  Estimate  of  Transfer  Length 

End  slips  were  measured  with  Linear  Voltage  Differential  Transducers,  LVDTs, 
and  dial  gauges  accurate  to  0.001”.  The  instruments  were  mounted  on  an  aluminum 
block  clamped  to  the  to  the  protruding  portion  of  the  strands.  A plexiglass  plate,  at  the 
end  face  of  each  specimen,  provided  a smooth  surface  for  the  instruments  probes  to  rest 
against.  Figure  3.3  shows  an  schematic  of  the  instrumentation  setup. 

Using  Equation  2.18,  a reliable,  yet  inexpensive  estimate  of  the  transfer  length  is 
obtained  from  these  measurements.  The  transfer  lengths  estimated  by  the  procedures 
described  on  Chapter  4 were  compared  to  this  estimate  of  the  transfer  length. 
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3.8.3  Internal  Concrete  Strains 

The  free  ends  of  each  specimen  of  series  UF12  through  UF14  was  instrumented 
with  electronic  strain  gages.  The  strain  gages  were  attached  to  Fiber  Reinforced 
Polymers  (FRP)  reinforcing  bars.  Slots  were  milled  to  mid-depth  of  each  bar.  Five  (5) 
Vishay  Measurements  Group,  Inc.  CEA-06-500LTW-120  strain  gages  were  attached  to 
each  bar.  The  strain  gages  were  attached  at  10”,  20”  50”,  60”  and  70”  from  one  end  of 
the  bar.  The  strain  gages  were  waterproofed  and  coated.  Lead  wires  were  run  through  the 
slots  and  the  bars  sealed  with  silicone. 

The  physical-mechanical  properties  of  the  FRP  bars  are  presented  on  Table  3.7. 
Strains  were  recorded  with  a Vishay  Micro-Measurements  Strain  Indicator,  both  at 
transfer  and  during  flexural  test. 
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Table  3.7  Summary  of  the  Physical-Mechanical  Properties  of  the  FRP  Bars 


Bar  Size 

Cross 

Nominal 

T ensile 

Modulus  of 

Sectional 

Diameter 

Strength 

Elasticity 

Area 

(in^) 

(in) 

(ksi) 

(*10^  ksi) 

#4 

0.2245 

0.50” 

100 

5.92 

3.8.4  Flexural  Test  Instrumentation 

The  specimens  were  tested  in  flexure  in  a two-point  load  configuration  using  a 
manually  activated  60-Ton  jack.  The  loads  were  measured  with  a 200  kip  load  cell.  The 
vertical  displacements  were  measured  by  two  LVDT’s  placed  under  the  resultant  load. 
Vertical  displacement,  end-slips  and  load  were  plotted  as  the  test  progressed  and  recorded 
on  a personal  computer  through  a Data  Acquisition  System. 

The  two-point-loads  loading  configuration  was  intended  to  produce  a constant 
moment  region,  neglecting  the  effect  of  the  weight  of  the  specimen.  For  the  flexural  tests 
of  Phase  I and  most  of  the  specimens  of  Phase  II,  the  span  was  fixed  at  one-hundred- 
forty-four-inches  (144”),  effectively  negating  the  constant  moment  region  for  the 
specimens  tested  at  short  embedment  length.  The  remaining  specimens  on  Phase  II  were 
tested  symmetrically  or  with  one-point-load  configuration  in  an  attempt  to  force  the 
critical  section  to  concur  with  the  embedment  length.  The  specimens  of  Phase  III  and 
Phase  IV  were  tested  symmetrically  and  the  span  was  changed  accordingly.  Figure  3.4 
depicts  a schematic  of  the  Flexural  Bond  Test  setup. 
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Figure  3-4  Schematic  of  Flexural  Bond  Test  Setup 

End-slips  were  measured  at  transfer  and  during  the  flexural  test  with  dial  gages 
and  LVDT’s,  each  precise  to  0.001”.  The  instruments  were  attached  to  aluminum 
clamping  devices  secured  to  the  strand.  A Plexiglas  plate  was  attached  to  the  end  of  the 
specimen  to  provide  a flat  smooth  surface  for  the  instruments. 


3.8.5  Summary  of  the  Experimental  Procedure 

The  experimental  program  of  each  series  was  comprised  of  three  (3)  parts;  specimen 
fabrication  (Steps  1 through  6),  detensioning  and  transfer  length  measurement  (Steps  7 
through  1 1)  and  flexural  test  (Steps  12  through  18).  Following  is  an  outline  of  this 
experimental  program. 

1 . Assemble  forms  and  reinforcement  cages. 

2.  Thread  strands  through  the  reinforcement  cage.  Tension  to  25%  - 30%  of 
desired  initial  stress  level,  50  ksi. 


3.  Level  and  align  forms. 
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4.  Tension  strand  to  within  500  psi  of  75%  of  fpu. 

5.  Perform  slump  test.  Cast  specimens  and  companion  cylinders. 

6.  Cover  with  plastic  sheeting.  Allow  concrete  to  set. 

7.  Remove  forms.  Wash-off  excess  oil  from  sides  of  the  specimens. 

8.  Attach  instrumentation.  Glue  DEMEC  target  points  along  the  specimen  at 
strand  level. 

9.  Cure  concrete  until  concrete  compressive  strength  reaches  predetermined 
concrete  strength  window,  3500  psi  to  4300  psi. 

10.  Record  initial  readings  of  glued  DEMEC  target  points. 

11.  Flame-cut  strand.  Record  end-slip  and  final  DEMEC  target  point’s  readings. 

12.  Allow  concrete  to  cure.  Monitor  concrete  strength.  Compute  transfer  length. 
Estimate  loading  configuration. 

13.  Perform  flexural  test  once  the  concrete  strength  has  reached  5000  psi  or  the 
specimen  has  cured  for  28  days. 

14.  Center  beam  on  the  loading  frame  and  set  beams  on  simple  supports.  Set 
spreader  beam  on  simple  support  twenty-four-inches  (24”)  apart  on  top  of  the 
specimen.  Mount  jack  and  swivel  base  on  spreader  beam.  Install 
instrumentation. 

15.  Manually  actuate  the  hydraulic  jack  until  a load  of  fifty  percent  (50%)  of  the 
estimated  breaking  load  or  75%  of  the  cracking  load,  the  smaller  of  the  two,  is 
achieved.  Continue  loading  in  five  percent  (5%)  increments  until  cracking. 
Mark  cracks  as  they  form  on  the  sides  of  the  specimen. 
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16.  Load  until  failure  occurs.  Record  maximum  load  and  displacement.  Record 
whether  slip  occurred  or  not.  Record  crack  width. 

17.  Classify  failure  as  flexural,  bond,  bond/shear,  shear  or  flexural  with  slip. 


CHAPTER  4 


EXPERIMENTAL  RESULTS 
4.1  Introduction 

As  previously  stated,  the  main  objective  of  this  research  program  was  to  study  the 
effect  of  prestressing  strand  size  on  its  bond  performance.  To  that  end,  an  extensive 
research  program  was  carried  out  to  measure  the  transfer  length  and  the  flexural  bond 
behavior  of  a variety  of  strand  diameters.  The  results  of  this  extensive  research  program 
are  presented  in  this  chapter. 

Supporting  and  intermediate  data  are  presented  in  the  Appendices.  The  Concrete 
Surface  Strain  Profiles  are  presented  in  Appendix  I.  Load  Deflection  curves  of  the 
Flexural  Bond  Test  are  presented  in  Appendix  II.  A sample  of  the  MathCAD  template 
used  for  the  computation  of  prestress  losses  and  the  sections  nominal  capacity  is 
presented  in  Appendix  III. 


4.2  Experimental  Program 

The  experimental  program  consisted  of  four  phases,  each  consisting  of  two  parts, 
measurement  of  transfer  length  and  flexural  bond  test.  In  the  first  two  phases.  Phase  I 
and  Phase  II,  the  strands  used  were  1/2"  in  diameter  Grade  270  - Low  Relaxation.  Since 
this  strand,  1/2"  Grade  270  - Low  Relaxation,  is  the  current  industry  standard,  these  first 
two  phases  served  to  set  a benchmark  to  which  the  following  phases  were  compared. 
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These  phases  also  allowed  the  research  team  to  acquire  a thorough  understanding  of  the 
experimental  procedures  and  the  nature  of  bond  research. 

The  effect  of  strand  size,  or  diameter,  was  investigated  in  Phase  III.  The  strand 
diameters  studied  were  3/8”,  1/2"  special,  6/10”  and  7/10”.  Phase  IV  dealt  with  the  effect 
of  initial  prestress  level  on  transfer  length  and  bond  performance  in  general.  The 
following  strands  were  investigated:  3/8”  Grade  270  and  Grade  300,  1/2"  Grade  300  and 
1/2"  special  Grade  290.  All  the  strands  were  Low  Relaxation  strands. 

4.3  Transfer  Length 

4.3.1  Concrete  Surface  Strains 

Attaching  any  instrumentation,  or  measuring  device,  to  the  strand  destroys  the 
bond  mechanism  at  the  location  where  the  instrumentation  is  being  attached  and  a certain 
influence  zone,  not  yet  quantified,  in  the  vicinity  of  that  location.  In  order  to  avoid,  or 
minimize,  the  interference  of  the  instrumentation  with  the  strands  natural  behavior  of 
bond,  transfer  lengths  were  measured  by  means  of  concrete  surface  strain  measurements. 
Parameters  such  as  initial  prestress,  concrete  compressive  strength  and  strand  draw-in,  or 
end-slip,  were  also  measured  to  attempt  a quantification  of  their  effect  on  the  transfer 
length  of  the  strands. 

Concrete  surface  strains  were  measured  using  Detachable  Mechanical  (DEMEC) 
strain  gauges.  Target  points,  stainless  steel  discs  with  a hole  milled  in  their  center,  were 
attached  to  the  concrete  with  super  glue  gel.  The  instrument  and  target  points  are 
presented  on  Figure  4-1 . 
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Figure  4-1  Picture  of  the  Demountable  Mechanical 
strain  gauge  and  target  points. 


The  distance  between  target  points  were  measured  before  and  after  the  release  of 
the  prestressing  strands.  The  average  strain  in  the  surface  of  the  concrete  between  target 
points  was  computed  using  Equation  4. 1 . 


* * o.  • SpSCingBeforeRelease  “ SpSCin2  AfterRelcase 

Average  Concrete  Strain  = — ^ ^ 

S p aC  1 ng  Before  Release 


Equation  4.1 


The  average  concrete  strains  were  corrected  for  the  strains  due  to  the  self-weight 
of  the  specimens.  Such  correction  was  deemed  necessary  because  the  distance  between 
the  DEMEC  target  points,  measured  before  the  prestressing  force  was  transferred 
(Spacing  Before  Release),  was  measured  on  a specimen  fully  supported,  that  is,  laying  flat. 
After  transfer  the  specimen  was  no  longer  fully  supported.  Due  to  the  moments  induced 
by  the  prestress  force,  the  specimen  cambered,  i.e.  bowed  up.  Due  to  this  camber,  the 
specimen  was  effectively  on  simple  supports.  Thus,  the  measured  distance  between 
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DEMEC  target  points  after  transfer  of  the  prestressing  force  (Spacing  Mer  Retee),  not  only 
included  the  effect  of  the  prestressing  force  being  transferred  but  that  of  the  specimens 
self-weight  acting  on  simple  supports  as  well. 

The  strains  induced  by  the  self-weight  were  computed  and  added  to  the  measured 
concrete  surface  strains*.  The  computed  strains  due  to  self-weight  were,  typically,  an 
order  of  magnitude  smaller  than  the  measured  concrete  surface  strains. 

4.3.2  Constructing  the  Strain  Profile 

The  strain  profiles  were  constructed  using  the  moving  average  of  three  (3) 
consecutive  concrete  surface  strains.  This  smoothing  technique  is  similar  to  the 
procedure  described  in  Reference  41  and  Reference  70.  Equation  4.2  summarizes  this 
technique. 


^ . Strain  i - 1 + Strain  i+  Strain  i . i 

Strain  i = Equation  4.2 

The  measured  concrete  surface  strains  are  the  average  strain  over  the  gage  length,  that  is, 
the  distance  over  which  the  deformations  were  measured.  The  strains,  measured  and 
“smoothed”,  are  assumed  to  occur  at  the  mid-point  of  this  distance.  The  “smoothed” 
concrete  strains  are  plotted  versus  their  assigned  location  along  the  length  of  the 
specimen.  The  strain  profile  for  specimen  UF  1-3-1/2-270  is  presented  on  Figure  4-2. 


1 


The  net  result  of  the  operation  was  the  addition  of  the  strain.  The  actual  operation  consisted  of  the 


subtraction  of  a tensile  (+)  strain  from  a compressive  (-)  strain. 


80 


Concrete  Surface  Strain 

Beam  UF  1-3-1/2-270 

I 1000 

0 

1 

1 600 
00 

<u  400 
u 

3 200 

in 

■g  0 

g 0 25  50  75  100  125  150  175  200 

o 

^ Distance  (in) 


• 

iJ 

B 

; - 

:■ 

Figure  4-2  Strain  Profile  for  Specimen  UF  1-3-1/2-270 
4.3.3  Estimating  the  Transfer  Length  from  Strain  Profiles 

Transfer  lengths  were  estimated  following  one  of  three  procedures.  The  first  two 
procedures,  the  95%  Average  Maximum  Strain  Method,  as  described  by  Reference  41 
and  Reference  70,  and  the  Slope  Intercept  Method,  are  based  on  the  evaluation  of  the 
concrete  surface  strain  profiles.  The  strain  profiles,  as  mentioned  above,  are  constructed 
by  plotting  the  “smoothed  “ concrete  surface  strains  versus  their  location  along  the 
specimen.  The  following  sections  describe  each  method. 

The  third  estimate  of  the  transfer  length  being  reported  is  computed  from  the 
draw-in,  or  end  slip,  measurement,  using  Equation  4.6.  Reporting  the  end-slip  based 
transfer  length  estimate  is  deemed  important  because  end-slip  measurements  have  been 
proposed  as  an  indicator  of  bond  performance  for  the  prestressed  concrete  industry  [45]. 
The  correlation  between  bond  and  end-slip  measurements  will  be  further  discussed  in 
Chapter  5 . 
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4.3.3.1  95%  Average  Maximum  Strain  Method. 

Developed  at  the  University  of  Texas  [70],  and  recently  endorsed  by  the  Federal 
Highway  Administration  as  the  preferred  method  to  estimate  transfer  length,  this  method 
is  considered  to  yield  an  upper-bound  value  of  the  transfer  length  [41],  The  procedure  is 
as  follow:  The  strain  profile,  a chart  of  the  “smoothed”  concrete  surface  strain  versus  its 
location  along  the  specimen,  is  constructed.  The  numerical  average  of  the  strains  for  the 
data  points  contained  within  the  plateau  region  is  computed.  As  mentioned  before,  this 
plateau  region  is  the  region  where  the  prestress  force  is  fully  effective  following  the 
transfer  zone.  The  transfer  length  is  determined  by  the  intersection  of  the  95%  Average 
Maximum  Strain  with  the  strain  profile.  To  be  more  precise,  the  transfer  length  was 
determined  by  linear  interpolation  of  the  strain  that  describes  the  plateau  region,  the  95% 
Average  Maximum  Strain,  between  the  two  points  on  the  strain  profile  that  bound  this 
value. 


Reference  41  and  Reference  70  describe  this  procedure  in  a graphical  manner  as: 

“ 1)  Plot  the  “smoothed’  strain  profile. 

2)  Determine  the  “Average  Maximum  Strain”  for  the 
specimen  by  computing  the  numerical  average  of  all  the  strains 
contained  within  the  strain  plateau  of  the  fully  effective  prestress  force. 

3)  Take  95%  of  the  “Average  Maximum  Strain”  and 
construct  a line  corresponding  to  this  value. 

4)  Transfer  length  is  determined  by  the  intersection  of  the  95% 
line  with  the  “smoothed”  strain  profile.  ” 

Source:  Reference  70 


Proponents  of  the  95%  Average  Maximum  Strain  Method  have  mentioned  as  one 
of  the  advantages  of  this  method,  that  it  removes  “arbitrary  interpretations”  of  the  data 
from  the  estimation  of  the  transfer  length.  Dale  Buckner  showed,  through  Finite  Element 


Modeling,  that  the  transfer  length  was  best  estimated  using  the  95%  Average  Maximum 
Strain  method.  Explaining  that  this  method  appeared  to  compensate  for  the  shear  lag 
between  the  stress  in  the  strand  and  those  measured  at  the  concrete  surface  [13,14], 
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Concrete  Surface  Strain 

Beam  UF  1-3-1/2-270 


Figure  4-3  Graphical  Representation  of  the  95%  Average 
Maximum  Strain  method 

4.3.3.2  The  Slope  Intercept  Method. 

The  slope  intercept  method  is  based  on  the  bi-linear  idealization  of  the  strain 
profile.  This  idealization  assumes  that  the  strain  profile  consist  of  a linearly  increasing 
portion  followed  by  a plateau  region.  The  linearly  increasing  portion  is  described  by  the 
equation  of  a straight-line,  y = ntx  + b.  A horizontal  line  describes  the  plateau  region. 
The  transfer  length  is  determined  as  the  intercept  of  these  two  lines. 

The  procedure  is  as  follows:  The  “smoothed’  strain  profile  is  plotted.  The  95% 
of  the  numerical  average  of  the  plateau  region  is  computed.  The  slope,  m,  of  the  linearly 
increasing  portion  of  the  strain  profile  is  obtained  from  a linear  regression,  with  the 
intercept  set  at  the  origin  (b  = 0),  performed  on  the  points  within  the  linearly  increasing 
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portion  of  the  strain  profile  using  an  electronic  spreadsheet.  Transfer  length  is 
determined  as  the  intercept  of  the  line  described  by  this  linear  regression  and  horizontal 
line  describing  the  95%  of  the  average  of  the  maximum  strains.  Equation  4.3  summarizes 
this  procedure. 


95%  Average  Maximum  Strain 

A — 

Slope,  m 


Equation  4.3 


Recently,  researchers  have  suggested  that  the  development  length  is  a linearly 
proportional  function  of  the  transfer  length  [9,72].  Investigating  the  validity  of  this 
theory  required  a lower  bound  value  of  the  transfer  length.  Since  the  transfer  length 
estimates  obtained  using  the  Slope-Intercept  Method  with  95%  Plateau  could  be 
considered  a lower  bound  value  of  the  true  transfer  length,  these  estimates  were  used  in 
the  determination  of  the  embedment  length  used  during  the  flexural  bond  test. 
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Figure  4-4  Graphical  Representation  of  the  Slope  Intercept  Method 
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4.3.4  End-slip  Based  Transfer  Length  Estimate 

The  end-slip,  or  draw-in,  is  the  amount  the  strand  slips  into  the  concrete,  at  the 
ends  of  the  specimen  when  the  prestressing  force  is  transferred.  Slip  theory  can  be  used 
to  relate  transfer  length,  Lt  to  the  end  slip,  Les.  It  assumes  that  there  is  relative  movement 
between  the  strand  and  the  concrete,  slippage,  throughout  the  transfer  region.  The  area 
outside  the  strain  profile  and  bounded  by  the  vertical  axis  and  the  maximum  strain  is  the 
end  slip.  Equation  4.4  describes  this  area. 


Equation  4.4 


Where  X,  is  a constant  that  depends  on  the  Emction  that  describes  the  change  in 
strains  along  the  specimen,  i.e.  the  shape  of  the  strain  profile.  The  constant  X can  take  a 
value  of  2,  3 or  4.6  depending  on  the  assumed  shape  of  the  strain  profile,  linear,  parabolic 
or  elliptic,  respectively.  European  researchers  have  found  the  value  of  X to  be 
approximately  2.6  [20]. 

Equation  4.4  is  solved  for  the  transfer  length,  U,  and  an  expression  for  transfer 
length  as  a function  of  the  end-slip  is  obtained.  Equation  4.7.  Currently,  two  slip  theory 
based  transfer  length  expressions  are  generally  accepted.  In  the  United  States,  generally, 
a linear  variation  of  the  strains  is  assumed.  Equation  4.8.  The  International  Federation  of 
Concrete,  FIP,  expression  assumes  a parabolic  strain  profile.  Equation  4.9. 


Lt  = A 


*Les 


epi 


Equation  4.5 
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^ . Les  Equation  4.6 

Lt  = 2 * 

spi 

Lt  = 3*^^  Equation  4.9 

spi 


4.3.5  Measured  Transfer  Length 

The  measured  transfer  lengths  are  presented  on  Table  4,1a  through  Table  4. Id. 
Each  table  presents  the  measure  transfer  length  of  a particular  phase  on  the  research 
program.  All  transfer  lengths  were  estimated  following  the  procedures  described  earlier 
in  this  section.  The  values  for  transfer  length  obtained  following  each  of  these  three 
methods  are  presented. 

4.3.5. 1 Phase  I - series  UFl 

The  measured  transfer  lengths  obtained  on  series  UFl  are  presented  on  Table  4- 
la.  Six  specimens  were  cast  on  a single  concrete  placement.  All  the  specimens  were 
reinforced  with  strand  from  a single  coil  (strand  package).  The  strands  transfer  length 
ranged  between  19.2”  and  31.8”,  when  estimated  using  the  Slope-Intercept  Method,  with 
a 26.9”  mean  and  a 10.7%  coefficient  of  variation^.  The  average  of  the  transfer  lengths 
estimated  following  the  95%  Average  Maximum  Strain  method  and  based  on  end-slip 
measurements  were  28.8”  and  22. 1”,  respectively,  with  1 1 ,4%  and  9.9%  coefficients  of 
variation. 


^ Coefficient  of  Variation  is  the  ratio  of  the  Standard  Deviation  to  the  Mean  expressed  as  a decimal.  For 
clarity,  the  COV  is  presented  as  a percentage. 
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Table  4-la  Measured  Transfer  Length  (Phase  I) 


Specimen  ID 

End 

Transfer  Length  (in.) 
95%  SIM^  End  Slip 

95%  AMS'* 

UF  1-1-1/2-270 

Cut  End 

28.3 

0.090 

25.3 

30.3 

Free  End 

27.7 

0.084 

23.6 

33.1 

UF  1-2-1/2-270 

Cut  End 

26.2 

0.081 

22.3 

28.3 

Free  End 

19.2 

0.086 

23.4 

20.2 

UF  1-3-1/2-270 

Cut  End 

27.0 

0.070 

19.3 

26.9 

Free  End 

26.9 

0.066 

18.2 

29.5 

UF  1-4-1/2-270 

Cut  End 

31.8 

— 

— 

31.4 

Free  End 

28.0 

0.081 

22.8 

31.2 

UF  1-5-1/2-270 

Cut  End 

26.0 

— 

— 

30.1 

Free  End 

26.0 

0.077 

21.2 

30.1 

UF  1-6-1/2-270 

Cut  End 

26.1 

— 

— 

26.4 

Free  End 

27.9 

0.082 

22.6 

28.5 

4.3. 5.2  Phase  II  - series  UF2  through  UF7 

Table  4-lb  presents  the  transfer  lengths  measured  in  series  UF2  through  UF7.  Six 
two-specimen  series  were  casted.  Each  specimen  of  each  series  used  a different  strand. 
Florida  Wire  and  Cable,  Inc.  provided  all  the  strands.  However  each  strand  was 
produced  at  a different  production  plant,  used  different  lubricating  agents  during 
production  or  followed  a different  cleaning  procedure  to  remove  lubricating  agents. 

Due  to  blind  sampling  some  of  the  strands  within  a series  were  produced  following 
similar  production  procedures  at  different  production  lines,  as  is  the  case  of  series  UF6. 
The  strands  used  on  series  UF6  were  re-tested  on  series  UF7.  The  measured  transfer 


^ SIM  stands  for  Slope  Intercept  Method 
^ AMS  stands  for  Average  Maximum  Strain  method 
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lengths,  using  the  slope  intercept  method,  were  in  the  14.2”  to  27.9”  range.  The  average 
was  22.4”  with  a coefficient  of  variation  of  16.6%.  The  end-slip  based  estimate  of  the 
transfer  length  averaged  17.2”  with  a 26%  coefficient  of  variation.  An  average  transfer 
length  of  24.2”  with  a coefficient  of  variation  of  19.4%  was  obtained  when  the  95% 
Average  Maximum  Strain  method  was  followed. 

Table  4-lb  Measured  Transfer  Length  (Phase  II) 


Specimen  ID  End  Transfer  Length  (in.) 


95%  SIM 

End  Slip 

95%  AMS 

UF  2-1-1/2-270 

Cut  End 

23.2 

— 

— 

24.1 

Free  End 

21.4 

0.068 

19.3 

23.7 

UF  2-2-1/2-270 

Cut  End 

17.3 

0.033 

9.34 

— 

Free  End 

16.5 

0.053 

15.0 

— 

UF  3-1-1/2-270 

Cut  End 

14.2 

— 

— 

13.8 

Free  End 

17.6 

0.042 

11.8 

18.0 

UF  3-2-1/2-270 

Cut  End 

19.0 

— 

— 

17.1 

Free  End 

21.5 

0.056 

16.0 

24.0 

UF  4-1-1/2-270 

Cut  End 

19.3 

0.050 

14.0 

20.3 

Free  End 

18.6 

0.082 

23.1 

18.2 

UF  4-2-1/2-270 

Cut  End 

27.9 

— 

— 

31.5 

Free  End 

25.9 

0.071 

19.8 

32.5 

UF  5-1-1/2-270 

Cut  End 

26.9 

0.046 

12.9 

26.2 

Free  End 

24.1 

0.089 

24.9 

27.9 

UF  5-2-1/2-270 

Cut  End 

21.8 

0.049 

13.9 

26.8 

Free  End 

23.6 

0.046 

12.7 

20.7 

UF  6-1-1/2-270 

Cut  End 

23.6 

— 

— 

26.3 

Free  End 

23.9 

0.065 

18.1 

26.0 

UF  6-2-1/2-270 

Cut  End 

23.2 

0.074 

20.8 

29.0 

Free  End 

27.0 

0.068 

19.2 

28.3 

UF  7-1-1/2-270 

Cut  End 

24.9 

— 

— 

24.1 

Free  End 

26.5 

0.068 

18.7 

27.2 

UF  7-2-1/2-270 

Cut  End 

25.9 

— 

— 

26.2 

Free  End 

22.9 

2.085 

23.2 

25.5 
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4.3. 5.3  Phase  DI  - series  UF8  through  UF14 

Table  4-lc  presents  the  transfer  lengths  measured  on  Phase  III,  series  UF8 
through  UF14.  Seven  (7)  two-specimen  series  were  casted.  Specimens  on  series  UF8, 
UF9,  UFIO  and  UF12  were  reinforced  with  3/8”  diameter  strand.  The  strand  in  all  four 
(4)  series  came  from  the  same  batch,  but  each  specimen  within  a series  contained  a 
different  strand.  The  strand  used  on  the  specimens  casted  on  bed  #1  had  indentations  on 
the  outer  wires.  The  specimens  on  bed  #2  were  reinforced  with  smooth  wire  strands. 
Specimens  within  series  UFIO,  UF 13  and  UF14  were  identical.  Series  UFIO  was 
reinforced  with  1/2"  “special”  diameter  strand,  UF13  with  6/10”  diameter  strand  and 
UF14  with  7/10”  diameter  strand.  All  the  strands  used  in  this  phase  were  Grade  270  Low 
Relaxation  strands. 

The  3/8”  Indented  Wire  Strand.  The  3/8”  Indented  Wire  Strand  had  an  average 
transfer  length  of  14.9”  with  a coefficient  of  variation  of  25.5%,  when  the  transfer  length 
is  estimated  following  the  slope  intercept  method  and  the  transfer  lengths  measured  on 
series  UF12  are  included.  The  transfer  length  measured  on  the  Free  End  of  specimen  UF 
12-1-3/8-270  was  almost  twice  as  long  as  those  measured  on  series  UF8,  UF9  and  UFIO. 
The  measured  transfer  length  on  the  Free  End  of  specimen  UF12-1-3/8-270  was  23.9” 
versus  approximately  13”  for  that  measured  on  series  UF8,  UF9  and  UFIO. 

The  specimens  of  series  UF12  were  slightly  different  from  those  on  series  UF8, 
UF9  and  UFIO  in  that  they  had  an  instrumented  FRP  reinforcement  bars  embedded  on  the 
Free  End.  The  instrumented  rod  is  believed  to  have  affected  the  bond  behavior  on  that 
end.  The  transfer  length  measured  by  the  strain  gauges  on  the  FRP  bar  was  13.3”,  similar 
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in  magnitude  to  those  measured  on  series  UF8,  UF9  and  UFIO.  These  specimens  had  a 
larger  cross  section  than  those  on  UF8,  UF9  and  UFIO,  see  Table  3.1. 

The  measured  transfer  length  averaged  12.7”  with  a 7.2%  coefficient  of  variation, 
when  the  value  of  the  transfer  length  measured  on  the  Free  End  of  specimen  UF 12- 1-3/8- 
270  is  not  included.  The  average  transfer  length  is  12.6”  with  a 7.7%  coefficient  of 
variation,  if  transfer  lengths  measured  on  specimen  UF  12- 1-3/8-270  are  not  included, 
which  suggest  that  apparently  the  specimen  cross  sectional  area  does  not  affect  the 
transfer  length.  The  estimated  transfer  lengths  were  in  the  1 1.8”  to  14.2”  range. 

Neglecting  series  UF12,  the  transfer  lengths  estimated  from  end-slip 
measurements  averaged  16.7”  with  a 26.8%  coefficient  of  variation.  Similarly,  following 
the  95%  AMS  method,  the  estimated  transfer  length  averaged  13.4”  with  a coefficient  of 
variation  of  7.8%.  If  transfer  lengths  measured  on  series  UF12  were  included  the  average 
is  15.5”  and  the  coefficient  of  variation  33.5%. 

The  3/8”  Smooth  Wire  Strand  The  3/8”  Smooth  Wire  Strand  had  an  average 
transfer  length  of  18.2”  with  a coefficient  of  variation  of  22.3%.  These  transfer  lengths, 
estimated  with  the  Slope-Intercept  method,  were  in  the  1 5”  to  24”  range.  The  behavior 
observed  in  specimen  UF  12- 1-3/8-270  was  also  observed  in  specimen  UF  12-2-3/8-270, 
thus  transfer  lengths  from  this  specimen  are  omitted  from  this  discussion.  The  end-slip 
based  transfer  length  average  18.4”  with  a 7.8  coefficient  of  variation.  Transfer  lengths 
estimated  using  the  95%  AMS  method  averaged  17.9  with  a coefficient  of  variation  of 
22.5%. 

The  1/2"  “special”  Strand  The  1/2"  “special”  Strand  had  an  average  transfer 
length  of  26.0”  with  a coefficient  of  variation  of  23.7%.  Transfer  length  estimated  from 
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end-slip  measurements  averaged  25.5”  with  a coefficient  of  variation  of  27.6%,  while 
those  obtained  following  the  95%  AMS  method  averaged  27.5”  with  a 13.8%  coefficient 
of  variation. 

The  6/10”  Strand  The  6/10”  Strand  measured  transfer  lengths  averaged  23.3” 
with  a 13.5%  coefficient  of  variation.  The  transfer  length  estimated  using  strains 
measured  by  strain  gauges  on  FRP  reinforcing  bars  on  the  Free  End  averaged  23.85”  with 
a coefficient  of  variation  of  23.4%.  End-slip  based  transfer  length  estimates  averaged 
19.25”  with  21 .4%  coefficient  of  variation.  95%  AMS  method  transfer  lengths  averaged 
23.2”  and  had  a coefficient  of  variation  of  8.5%. 

The  7/10”  Strand  The  7/10”  Strand  had  atransfer  length  averaging  21.15”  and  a 
24%  coefficient  of  variation.  The  transfer  length  estimated  from  strain  gauges  on  the 
Free  End  of  specimen  UF 14-2-7/1 0-270  was  18”.  Transfer  lengths  computed  from  end- 
slip  measurements  averaged  15.5  with  coefficient  of  variation  of  12.3%.  Using  the  95% 
AMS  approach  the  transfer  length  averaged  23.7”  with  a 15.3%  coefficient  of  variation. 

Transfer  lengths  for  the  strains  measured  with  electric  resistance  strain  gauges  are 
not  being  reported  for  the  95%  Average  Maximum  Strain  method  because  the  strain 
gauges  were  attached  to  the  FRP  reinforcing  bar  at  10”,  20”,  50”,  60”  and  70”.  The  setup 
of  the  strain  gauges  on  the  FRP  bar  allowed  for  the  strain  gauges  to  be  used  on  the 
transfer  length  and  flexural  bond  test  portions  of  these  phases,  but  limited  the  order  of  the 
strain  variation  on  the  transfer  length  to  a straight  line.  The  setup  was  sufficient  for  the 
Slope-Intercept  method  since  it  provides  the  strain  variation  in  the  transfer  zone  and  the 
plateau  region  where  the  prestressing  force  is  effective.  Trying  to  apply  the  95%  AMS 
method  to  the  data  would  yield  un-realistically  long  transfer  lengths,  since  there  is  no 
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data  point  in  the  vicinity  of  the  “true”  transfer  length.  The  value  of  the  transfer  length 
obtained  from  the  strain  gauges  on  specimen  UF 14- 1-7/ 10-270,  43”,  was  considered  for 
similar  reasons. 

Table  4-lc  Measured  Transfer  Length  (Phase  HI) 


Specimen  ED 

End 

Transfer  Length  (in.) 

95%  SIM 

End  Slip 

95%  AMS 

UF  8-l-3/8i-270 

Cut  End 

— 

— 

— 

— 

Free  End 

12.9 

— 

— 

13.1 

UF  8-2-1/2-270 

Cut  End 

21.0 

.064 

18.4 

20.6 

Free  End 

16.0 

0.057 

16.5 

15.5 

UF9-l-3/8i-270 

Cut  End 

12.2 

— 

— 

13.5 

Free  End 

12.0 

0.048 

13.5 

11.8 

UF  9-2-3/8-270 

Cut  End 

— 

— 

— 

— 

Free  End 

15.2 

0.067 

19.1 

14.3 

UF  10-l-3/8i-270 

Cut  End 

11.8 

— 

— 

14.1 

Free  End 

14.2 

0.070 

19.8 

14.5 

UF  10-2-3/8-270 

Cut  End 

24.0 

— 

— 

23.7 

Free  End 

15.0 

0.070 

19.7 

15.5 

UF  11-1-1/2S-270 

Cut  End 

— 

0.105 

29.3 

— 

Free  End 

21.6 

0.111 

30.9 

24.8 

UF  11-2-1/2S-270 

Cut  End 

— 

0.055 

15.3 

— 

Free  End 

30.3 

0.095 

26.6 

30.2 

UF  12-1-3/81-270 

Cut  End 

— 

0.062 

17.7 

— 

Free  End 

18.5 

0.064 

18.1 

20.5 

Stran  Gauge^ 

13.3 

N/A 

N/A 

21.4 

UF  12-2-3/8-270 

Cut  End 

— 

— 

— 

— 

Free  End 

14.6 

0.049 

13.8 

16.8 

Strain  Gauge 

11.3 

N/A 

N/A 

— 

UF  13-1-6/10-270 

Cut  End 

32.6 

0.064 

18.3 

30.8 

^ No  value  for  the  95%  Average  Maximum  Strain  method  is  presented  because  the  spacing  of  the  electric 
resistance  strain  gages  did  not  provide  for  proper  definition  of  the  strain  profile. 
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Specimen  ID  End 


Transfer  Length  (in.) 


95%  SIM 

End 

Slip  95%  AMS 

Free  End 

20.1 

0.055 

15.7  21.1 

Strain  Gauge 

27.8 

N/A 

N/A 

UF  13-2-6/10-270 

Cut  End 

26.4 

0.063 

17.9 

25.0 

Free  End 

23.6 

0.063 

18.2 

23.5 

Strain  Gauge 

19.9 

N/A 

N/A 

— 

UF  14-1-7/10-270 

Cut  End 

— 

0.086 

25.2 

— 

Free  End 

28.7 

0.047 

13.9 

27.8 

Strain  Gauge 

43.0 

N/A 

N/A 

— 

UF  14-2-7/10-270 

Cut  End 

19.6 

0.051 

14.9 

22.2 

Free  End 

18.3 

0.060 

17.6 

21.0 

Strain  Gauge 

18.0 

N/A 

N/A 

— 

4.3.S.4  Phase  IV  - series  UF15  through  UF18 

Four  (4)  two-specimen  series  were  cast.  Each  specimen  studied  a specific  strand 
diameter-Grade  combination.  Series  UF15  studied  a 3/8”  Grade  270  strand.  Series  UF16 
and  UF17  investigated  Grade  300  strands,  1/2"  and  3/8”  respectively.  A Grade  290,  1/2" 
“special”  strand  was  investigated  on  series  UF18.  All  the  strands  were  Low  Relaxation 
and  provided  by  Florida  Wire  and  Cable,  Inc. 

The  3/8”  Grade  270  Strand  The  3/8”  Grade  270  Strand  had  an  average  transfer 
length,  estimated  with  the  slope-intercept  method,  of  13.9”  with  a 17.3%  coefficient  of 
variation.  These  transfer  lengths  ranged  between  12.2”  and  15.6”.  End  Slip  based 
transfer  estimates  averaged  16.8”  with  a 5.1%  coefficient  of  variation.  Transfer  lengths 
averaged  16.2”  when  the  95%  AMS  method  was  used  to  analyze  the  strain  profile.  The 
corresponding  coefficient  of  variation  was  17.9%. 

The  1/2"  Grade  300  Strand  The  1/2"  Grade  300  Strand  had  transfer  lengths 
averaging  33.1”  with  a 4.1%  coefficient  of  variation.  The  transfer  lengths  were  in  a 3 1 .9” 


to  34.6”  range.  Average  transfer  lengths  corresponding  to  the  end-slip  and  95%  AMS 
method  estimates  were  30. 1”  and  34.0”,  respectively.  Their  respective  coefficients  of 
variation  were  14.0%  and  4.0%. 

The  3/8”  Grade  300  Strand  The  3/8”  Grade  300  Strand  had  transfer  lengths  in 
the  14.5”  to  21.1”  range.  Their  average  was  19.0”  with  a coefficient  of  variation  of 
15.8%.  The  average  of  the  transfer  lengths  computed  from  end-slip  measurements  was 
21.8”  with  a coefficient  of  variation  of  13.6%.  An  average  of  18.7”  with  a coefficient  of 
variation  of  20.4%  was  obtained  when  the  95%  AMS  method  was  used  to  estimate  the 
transfer  length. 

The  1/2"  “special”  Grade  290  Strand  The  1/2"  “special”  Grade  290  Strand  had 
measured  transfer  lengths,  averaging  28.3”  with  a 7.6%  coefficient  of  variation,  in  the 
25.4”  to  30.2”  range.  End-slip  based  estimates  of  the  transfer  length  averaged  27.9”  with 
a corresponding  coefficient  of  variation  of  13.2%.  Transfer  lengths  estimated  following 
the  95%  AMS  methodology  averaged  3 1 .6”  and  had  a coefficient  of  variation  of  18.3%. 
If  the  transfer  length  value  measured  on  the  cut  end  of  specimen  UF18-l-l/2s-290  is 
neglected,  then  the  average  transfer  length  estimated  per  95%  AMS  is  28.8  with  a 
coefficient  of  variation  of  6.1%. 


Table  4-ld  Measured  Transfer  Length  (Phase  IV) 


Specimen  ED 

End 

Transfer  Length  (in.) 

95%  SIM  End  Slip  95%  AMS 

UF  15-1-3/8-270 

Cut  End 
Free  End 

— 

0.057  16.2  — 

UF  15-2-3/8-270 

Cut  End 
Free  End 

15.6 

12.2 

18.2 

0.062  17.4  14.1 
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Specimen  ID  End  Transfer  Length  (in.) 


95%  SIM 

End  Slip 

95%  AMS 

UF  16-1-1/2-300 

Cut  End 

— 

— 

— 

— 

Free  End 

32.9 

0.101 

25.7 

34.7 

UF  16-2-1/2-300 

Cut  End 

31.9 

0.112 

30.5 

32.4 

Free  End 

34.6 

0.134 

34.1 

34.8 

UF  17-1-3/8-300 

Cut  End 

20.6 

— 

— 

19.0 

Free  End 

14.5 

0,078 

19.7 

13.7 

UF  17-2-3/8-300 

Cut  End 

19.7 

— 

— 

19.1 

Free  End 

21.1 

0,094 

23.9 

23.0 

UF  18-1-1/2S-290 

Cut  End 

27.8 

— 

— 

40.0 

Free  End 

29.6 

0.096 

25.3 

28.6 

UF  18-2-1/2S-290 

Cut  End 

30.2 

— 

— 

30.7 

Free  End 

25.4 

0.116 

30.5 

27.2 

4.3.6  Summary  of  Transfer  Length  Results 

Table  4-2  presents  a summary  of  the  transfer  length  results.  The  coefficient  of  variation 
[COV],  computed  as  the  sample  standard  deviation  divided  by  the  mean,  is  also  presented 
on  Table  4-2.  The  range  of  values  presented  for  each  strand  is  based  on  the  transfer 
lengths  estimated  using  the  slope-intercept  method. 


Table  4-2  Summary  of  transfer  Length  Results 


Strand 

Average  transfer  length 
[COV] 

(in.) 

Range 

(in) 

Slope 

Intercept 

95%  AMS 

End  Slip 

3/8” 

Grade  270 
Phase  III 

17.6 

(22.1%) 

17.7 

(20.5%) 

17.5 

(13.8%) 

15.0-23,7 

3/8” 

Grade  270 
Phase  IV 

13.9 

(17.3%) 

16.2 

(17.9%) 

16.8 

(5.2%) 

12.2-15,6 
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Strand 

Average  transfer  length 
[COV] 

(in.) 

Range 

(in) 

Slope 

Intercept 

95%  AMS 

End  Slip 

3/8”  smooth 
Grade  270 
ALL 

16.1 

(24.9%) 

17.6 

(18.3%) 

16.9 

(13.5%) 

12.2-23.7 

3/8” 

Grade  300 

19.0 

(16.0%) 

18.7 

(20.4%) 

21.8 

(13.5%) 

14.5-21.1 

3/8” indented 
Grade  270 

13.7 

(7.2%) 

13.4 

(7.8%) 

16.7 

(26.8%) 

11.8-14.2 

1/2" 

Grade  270 
Phase  I 

26.8 

(10.7%) 

28.8 

(11.5%) 

22.1 

(9.9%) 

19.2-31.8 

1/2" 

Grade  270 
Phase  II 

22.6 

(18.8%) 

24.4 

(19.3%) 

17.2 

(25.9%) 

14.2-27.9 

1/2" 

Grade  270 
Phase  I & II 

24.0 

(20.6%) 

25.4 

(21.7%) 

18.9 

(21.2%) 

14.2-31.8 

1/2" 

Grade  300 

33.1 

(4.1%) 

34.0 

(4.0%) 

30.1 

(14.0%) 

31.9-34.6 

1/2"  special 
Grade  270 

26.0 

(23.7%) 

27.5 

(13.8%) 

25.5 

(27.6%) 

21.6-30.3 

1/2"  special 
Grade  290 

28.3 

(7.6%) 

31.6 

(6.1%) 

27.9 

(13.2%) 

31.9-34.6 

6/10” 
Grade  270 

25.7 

(13.5%) 

25.1 

(8.5%) 

17.5 

(21.4%) 

20.1-  27.8 

7/10” 
Grade  270 

22.2 

(24.0%) 

23.7 

(15.3%) 

17.9 

(12.3%) 

18.3-28.7 
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4.4  Flexural  Bond  Test 

Flexural  tests  were  performed  on  each  end  of  the  specimens  to  determine  the 
development  length  of  the  strands.  The  development  length  is  the  distance,  closest  to  the 
end  of  the  specimen,  where  a section’s  flexural  capacity  can  be  achieved. 

Experimentally,  the  development  length  is  determined  by  varying  the  embedment 
length  on  a series  of  flexural  bond  tests.  In  a trial  and  error  process,  the  development 
length  is  said  to  exist  in  a range  bounded  by  the  shortest  embedment  length  where  full 
flexural  capacity  was  achieved  and  the  longest  embedment  length  where  slippage 
occurred  prior  to  achieving  the  sections  flexural  capacity. 

4.4.1  Determination  of  the  Embedment  Length 

Determining  the  lengths  of  embedment  for  the  first  specimen  of  each  series 
followed  a set  criterion.  The  embedment  length  for  the  first  test  of  series  UFl  through 
UF7  were  determined  following  the  crack  inhibiting  criteria  proposed  by  researchers  at 
Oklahoma  University.  Following  the  1998  Convention  of  Precast/Prestressed  Concrete 
Institute  in  Atlanta  Georgia,  this  criterion  was  changed  to  80%  of  the  development  length 
computed  using  the  ACI  expression.  During  the  Prestressing  Strand  Committee  meeting 
at  that  Convention,  Dr.  Maher  Tadros,  from  the  University  of  Nebraska,  suggested  the 
performance  of  flexural  bond  test  following  this  criteria  as  a bond  performance 
acceptance  test  in  the  absence  on  a simple  bond  performance  acceptance  test. 

Considering  the  failure  mode  of  each  previous  test  on  a series,  the  embedment 
length  in  subsequent  tests  was  determined.  These  embedment  lengths  were  selected  in  an 
attempt  to  determine  the  range  where  the  development  length  exists.  If  the  specimen 
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achieved  flexural  capacity  with  no  strand  slippage  at  certain  embedment  length,  the 
development  length  was  determined  to  be  shorter  or  equal  than  the  embedment  provided. 
In  instances  where  the  computed  nominal  flexural  capacity^  of  the  specimen  was  not 
achieved  numerically,  but  sufficient  ductility  was  demonstrated,  i.e.  displacement  to  span 
ratio  in  excess  of  1%,  it  was  determined  that  the  specimen  had  achieved  flexural  capacity. 
If  strand  slippage  was  observed,  at  any  load  level  whether  flexural  capacity  was  attained 
or  not,  the  development  length  was  determined  to  be  longer  than  the  embedment 
provided. 

4.4.2  Types  of  Failures 

The  specimens  were  classified  into  one  of  five  predetermined  types  of  failure. 

These  were  flexural,  flexural  with  slip,  shear,  shear^ond  and  bond  failure. 

Failures  where  the  computed  flexural  capacity  was  achieved,  crushing  of  the 
concrete  was  observed  and  no  slippage  was  recorded  were  classified  as  flexuraf . 
Specimens  that  did  not  achieved  the  computed  flexural  capacity,  but  concrete 


* The  nominal  capacity  of  each  specimen  was  computed  using  a MathCAD  template.  The  prestress  losses 
computation  was  based  on  the  procedure  outline  in  Reference  56.  The  nominal  capacity  was  computed  by 
Stress-strain  compatibility.  The  stress  in  the  strand  was  computed  using  Equation  3.2. 

’ The  sections  capacity  was  controlled  by  the  concrete  cmshing  or  anchorage  failures.  No  flexural 
reinforcement  breakages  were  observed.  The  strain  in  the  strands  at  the  limit  state  was  in  the  order  of  2%, 
or  fps  « 267  ksi.  The  minimum  guaranteed  breaking  strain  is  3.5%,  but  typically  strands  break  at  strains  in 


the  order  of  5%. 
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Load  Deflection  Diagram 

UF  14-2-7/10-270  Cut  End 


Figure  4-5  Typical  Load  Displacement  Chart 
(Flexural  Failure) 

compression  crushing  was  identified  and  demonstrated  a ductile  behavior*,  with  no  strand 
slippage  were  also  classified  as  flexural  failures.  Figure  4.5  depicts  a typical  Load 
Deflection  Chart  for  a specimen  that  achieved  flexural  failure. 

Flexural/Slip  failures  were  specimens  that  exhibited  certain  degree  of  ductility, 
achieved  the  computed  flexural  capacity  and/or  concrete  crushing  was  observed,  but 
some  slippage  was  recorded. 

Shear  and  bond  failures  are  closely  related.  The  shear  and  shear^ond  types  of 
failure  were  undesirable,  explosive  type  of  failures,  see  Figure  4.6.  The  shear  carrying 
capacity  of  the  concrete  section  is  lost  once  shear  failure  occurs  and  the  stress  in  the 


“ Ductile  behaviors  were  characterized  by  a marked  reduction  of  stiffness.  As  a result  of  the  reduced 
stiffness,  the  specimen  will  deflect  without  an  increase  in  load,  identified  by  the  “flattening”  of  the  Load- 
Deflection  charts.  See  Figure  4.3. 
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longitudinal  reinforcement  increases.  The  sudden  increase  in  stresses  on  the  strand  leads 
to  bond  failure.  On  the  other  hand,  loss  of  anchorage  causes  a reduction  in  the  concrete’s 
shear  capacity.  Whenever  it  was  not  possible  to  determine  whether  shear  failure  or  loss 
of  anchorage  had  triggered  the  failure,  the  failure  was  classified  as  shear/bond.  In  some 
instances,  where  strut-tie  behavior  was  observed  or  no  slippage  was  recorded  until  after 
the  shear  failure  occurred,  the  failures  were  classified  as  shear. 

Bond  failures  did  not  necessarily  lead  to  shear  failures.  Failures  that  did  not 
demonstrated  sufficient  ductility  or  load  carrying  capacity  to  be  classified  as 
Flexural/Slip  were  classified  as  bond. 


Load  Displacement  Chart 

Beam  UF  8-1-3/8-270  Cut  End 


Figure  4-6  Typical  Load  Deflection  Chart 
(Shear  Failure) 

4.4.3  Flexural  Bond  Tests  Results:  Phase  I 

Flexural  bond  test  results  for  the  specimens  on  Phase  I are  presented  on  Table  4- 
3. a.  The  strand,  1/2"  Grade  270  Low  Relaxation,  was  able  to  achieve  flexural  capacity  at 
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an  embedment  of  56”,  or  70.3%  of  the  development  length  estimated  using  the  ACI 
expression.  As  to  the  exact  value  of  the  transfer  length  no  conclusion  can  be  drawn  since 
no  lower  bound  failure,  that  is  a failure  that  exhibited  some  strand  slippage  or  bond 
degradation,  occurred  in  this  series  of  tests. 

4.4.4  Flexural  Bond  Test  Results:  Phase  II 

Flexural  Bond  tests  results  for  the  specimens  on  Phase  II  are  summarized  on 
Table  4-3. b.  Flexural  capacity  was  achieved  with  embedment  as  short  as  26”  as  was  the 
case  for  the  cut  end  of  specimen  UF3-1-1/2-270. 

The  strand  used  on  Specimen  UF3-2-1/2-270  was  re-tested  on  specimen  UF4-2- 
1/2-270.  Specimen  UF4-2-1/2-270  developed  its  computed  flexural  capacity  at 
embedment  length  of  40”  with  some  strand  slippage.  Yet,  bond  failure  was  observed  at 
an  embedment  length  of  46”  on  specimen  UF3-2-1/2-270  free  end,  when  a shear/torsion^ 
crack  formed  from  the  support  to  the  point  load  at  1 8 kips,  of  74%  of  the  estimated 
capacity. 

On  the  specimens  of  series  UF5,  where  the  cut  ends  were  tested  with  embedment 
lengths  of  40’  and  34”,  and  flexural  capacity  were  achieved.  The  free  ends  of  these 
specimens  were  tested  symmetrically.  The  span  lengths  were  reduced  while  the 
embedment  lengths  were  maintained  constant.  Bond  and  shear  failures  were  observed  on 
the  free  ends. 


® The  specimen  was,  apparently,  improperly  loaded  causing  some  torsion.  The  shear/torsion  crack 
appeared  to  spiral  around  the  specimen. 
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Similar  behavior  was  observed  on  series  UF6.  The  cut  end  tests  were  able  to 
develop  higher  loads  than  the  free  ends,  while  the  embedment  lengths  were  kept  constant 
at  38”.  The  cut  ends,  tested  on  a two-point  load  configuration,  developed  flexural 
capacity.  Some  slippage  in  the  strand  was  recorded,  so  they  were  classified  as 
Flexural/Slip  failure.  The  free  ends  were  tested  on  a one-point  load  configuration.  In 
both  specimens  bond  failure  were  observed  at  loads  approximately  90%  of  the  computed 
flexural  capacity.  These  results  pointed  toward  a development  length  in  the  vicinity  of 
40”. 

The  strand  used  on  series  UF6  was  retested  on  series  UF7.  Test  results  for  series 
UF7  confirmed  the  findings  of  series  UF6  to  the  effect  of  a development  length  in  the 
vicinity  of  40”.  Flexural  capacity  was  achieved  with  an  embedment  length  of  40”,  while 
Flexural/Slip  failure  was  achieved  at  38”.  A one-point  load  test  at  39”,  resulted  in  bond 
failure  at  86%  of  the  computed  flexural  capacity. 

4.4.5  Flexural  Bond  Tests  Results:  Phase  III 

3/8”  Indented  Wire  Grade  270  Strand.  Specimens  casted  on  bed  #1  on  series 
UF8,  UF9,  UFIO  and  UF12  were  reinforced  with  3/8”  indented  wire  strand.  These 
specimens  were  loaded  symmetrically.  The  computed  flexural  capacity  was  achieved  at 
embedment  a length  of  36”,  provided  the  section  contained  shear  reinforcement.  This 
embedment  length  equals  65%  of  the  development  length  computed  with  the  ACI 
expression.  The  absence  of  shear  reinforcement  on  the  cut  end  of  specimen  UF8- 1-3/8- 
270  allowed  the  formation  of  a longitudinal  crack  along  the  strand  at  transfer.  This  crack 
affected  the  specimens  load  carrying  capacity,  reducing  it  to  56%  of  the  computed 
flexural  capacity. 
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3/8”  Smooth  Wire  Grade  270  Strand.  Specimens  casted  on  bed  #2  on  series 
UF8,  UF9,  UFIO  and  UF12  were  reinforced  with  3/8”  smooth  wire  strand.  These 
specimens  were  loaded  symmetrically.  The  computed  flexural  capacity  was  achieved  at 
embedment  a length  of  40”,  provided  the  section  contained  shear  reinforcement,  or  72% 
of  the  development  length  computed  with  the  ACI  expression.  No  bond  failures  were 
observed,  other  than  strand  slippage  occurring  in  conjunction  to  shear  failures. 

Shear  failures  were  observed  on  specimens  that  did  not  have  shear  reinforcement 
on  one  end.  Figure  4.7  shows  one  of  such  failures.  Specimen  UF  9-2-3/8-270  (Cut  End) 
had  an  explosive  shear  failure.  Flexural  compression  failure  had  already  occurred  and 
loading  was  continued  in  an  attempt  to  reach  the  computed  flexural  capacity.  The  section 
achieved  over  90%  of  the  computed  capacity,  and  compression  failure  had  been 
identified  prior  to  the  formation  of  the  crack  depicted  in  the  picture.  As  such,  the  failure 
was  classified  as  flexure. 


Figure  4-7  Shear  Crack  on  Specimen  UF  9-2-3/8-270 
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Figure  4-8  Shear  Crack  on  Specimen  8-2 


Figure  4.8  shows  a picture  of  a shear  failure  observed  on  Specimen  UF  8-l-3/8i- 
270.  A splitting  crack  appeared  on  cut  end  of  Specimen  UF  8-l-3/8i-270  at  transfer.  The 
cut  ends  were  not  reinforced  for  shear. 


1/2"  Special  Grade  270  Strand.  Specimens  on  series  UFl  1,  reinforced  with 
1/2"  special  strands,  were  loaded  symmetrically.  Ductile  behavior  was  observed  for 
specimens  loaded  with  embedment  length  of  55”,  or  75%  of  the  development  length 
computed  with  the  ACI  expression.  The  computed  flexural  capacity  was  achieved  at 
embedment  lengths  of  59”,  or  79.8%  of  ACI  development  length.  Since  no  bond  failures 
were  observed,  the  range  where  the  development  length  exists  cannot  be  stated  from  the 
data. 

During  the  flexural  bond  tests  on  the  cut  ends  on  both  specimens  of  series  UFl  1, 
shear  cracks  appeared  early  in  the  loading  process.  This  crack  did  not  appear  to  affect  the 
bond  performance  of  the  strands,  yet  the  load  carrying  capacity  of  the  specimens  was 
affected.  Both  specimens  achieved  a ductile  failure  at  a fraction  of  the  computed  flexural 
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capacity.  Figure  4.9  shows  a picture  of  these  cracks  (The  cracks  were  hairline  cracks. 
They  were  marked  with  ink  for  the  picture), 


Figure  4-9  Shear  Cracks  within  the  Transfer  Region  on  Specimen  UF  ll-l-l/2s-270 

6/10”  Grade  270  Strand.  Specimens  reinforced  with  6/10”  strand  were  able  to 
develop  the  computed  flexural  capacity  when  loaded  with  embedment  lengths  of  71”,  or 
79%  of  the  development  length  computed  with  the  ACI  expression.  No  bond  failure  was 
observed,  for  this  reason  no  information  as  to  the  lower  limit  of  the  development  length  is 
available,  other  than  it  is  certainly  shorter  than  71”. 

7/10”  Grade  270  Strand.  Specimens  on  series  UF14  were  reinforced  with  7/10” 
Grade  270  strand.  These  specimens  were  loaded  symmetrically  at  embedment  lengths 
shorter  than  80%  of  the  development  length  computed  with  the  ACI  expression.  The 
computed  flexural  capacity  was  achieved  on  specimens  loaded  at  embedment  lengths  as 
short  as  74”,  or  69%  of  the  development  length  estimated  with  the  ACI  expression.  A 
specimen  tested  at  an  embedment  length  of  48”,  or  45%  of  the  ACI  development  length, 
developed  80%  of  the  specimens  computed  flexural  capacity  before  failing.  The  failure 
was  sudden  and  explosive.  It  was  classified  as  a Shear/Bond  failure. 
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4.4,6  Flexural  Bond  Tests  Results:  Phase  IV 

3/8”  Smooth  Wire  Grade  270  Strand.  Loaded  symmetrically,  flexural 
capacities  were  attained  at  embedment  lengths  as  short  as  32”,  or  59%  of  the 
development  length  computed  with  the  ACT  expression.  This  result  helped  clarify  the 
situation  presented  with  the  3/8’  smooth  wire  strand  tested  on  Phase  III,  where  a lower 
limit  on  the  development  length  of  the  3/8”  strand  could  not  be  established. 

In  specimens  tested  during  Phase  III  flexural  capacities  were  attained  at 
embedment  lengths  as  short  as  40”.  Phase  IV  results  demonstrated  that  flexural  capacity 
could  be  achieved  at  embedment  lengths  as  short  as  32”.  Again,  a low  limit  could  not  be 
established  since  no  bond  type  of  failures  were  observed,  thus  leaving  open  the 
possibility  of  development  lengths  shorter  than  32”. 

1/2"  Grade  300  Strand.  The  computed  flexural  capacity  was  achieved  at  an 
embedment  length  of  66”,  or  80.3%  of  the  ACI  development  length.  Ductile  behavior 
was  observed  at  embedment  lengths  of  65”  having  developed  87%  of  the  computed 
flexural  capacity  of  the  section.  Shear/Bond  failures  were  observed  at  embedment 
lengths  of  56”  and  62”,  having  developed  in  excess  of  88%  of  the  computed  flexural 
capacity.  It  can  be  established  that  the  development  length  exists  in  the  62”  to  65”  range, 
or  75%  to  80%  of  the  development  length  computed  per  ACI  expression. 

3/8"  Grade  300  Strand.  The  computed  flexural  capacity  was  achieved  at  an 
embedment  length  of  74%  of  the  ACI  development  length  estimate,  or  44”.  Shear/Bond 
failure  was  observed  at  embedment  lengths  of  40”,  or  67%  of  the  development  length 
estimated  with  the  ACI  expression.  This  specimen  developed  1 00%  of  the  computed 
flexural  capacity,  yet  it  did  not  exhibit  a ductile  behavior.  It  can  be  established  that  the 
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development  length  exists  in  the  40”  to  44”  range,  or  65%  to  74%  of  the  development 
length  estimated  with  the  ACI  expression. 

1/2"  Special  Grade  290  Strand.  The  computed  flexural  capacity  of  the  section 
was  attained  in  specimens  loaded  with  embedment  lengths  as  short  as  62”,  or  74%  of  the 
ACI  development  length  expression  estimate.  Three  specimens  were  loaded  at 
embedment  lengths  near  the  80%  of  the  development  length  estimated  with  the  ACI 
expression.  Two  of  this  specimens,  loaded  at  embedment  lengths  of  68”  and  66”, 
exhibited  ductile  behavior,  while  attaining  93%  and  98%  of  the  computed  flexural 
capacity,  respectively.  The  third  specimen,  UF18-l-l/2s-290  cut  end,  was  loaded  at  66” 
and  developed  91%  of  the  computed  flexural  capacity,  yet  Shear/Bond  type  of  failure  was 
observed. 


Table  4-3.a  Summary  Flexural  Test  and  Development  Length  Data  (Phase  I) 

Specimen  ID  End  Span  Development  Length  (in.)  Cracking  Nominal  Maximum  Flexural  Failure 

(in.)  Moment  Capacity*'^  Moment  Capacity  Mode 

ACI  Embedment  % ACI  (kip-in)  (kip-in)  (kip-in)  Ratio 
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Loaded  with  one  point  load. 
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Shear  cracks  appeared  in  the  shear  span  being  tested.  No  slip  was  recorded.  Load-deflection  chart  demonstrated  a marked  loss  of  stiffness  and  ductile 
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Flexural  concrete  compression  failure  observed  after  test  was  completed. 


Specimen  ID  End  Span  Development  Length  (in.)  Cracking  Nominal  Maximum  Flexural  Failure 

(in.)  Moment  Capacity  Moment  Capacity  Mode 

ACI  Embedment  % ACI  (kip-in)  (kip-in)  (kip-in)  Ratio 

Free  End  126  El  El  68.1  % M9  788  Es  89%  Bond 

UF  16-2-1/2-300  Cut  End  146  82.2  65.0  79.1  % 519  786  686  87%  Flexure 
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CHAPTER  5 


DISCUSSION  OF  EXPERIMENTAL  TESTS  RESULTS 
5.1  Introduction 

The  results  obtained  during  the  experimental  phases  of  this  program  will  be 
discussed  in  this  chapter.  Measured  transfer  lengths,  end  slips  and  flexural  test  results 
will  be  analyzed  and  discussed  in  light  of  results  obtained  by  published  research 
programs. 

First,  the  effect  of  variables,  such  as  concrete  strength  at  transfer  and  initial 
prestress  in  the  strand  transfer  length  will  be  individually  investigated.  These  individual 
investigations  are  not  unit-consistent  or  dimensionally  correct,  as  such  the  information 
obtained  is  indicative  of  the  variables  qualitative  influence  on  bond,  rather  than 
quantitative.  This  section  will  be  followed  by  a dimensional,  or  unit  consistent,  analysis 
of  the  data.  Information  and  relationships  obtained  through  a dimensional  analysis  of  the 
data  is  also  of  qualitative  nature,  yet,  combined  with  experimental  procedures  adequate 
predictor  equations  can  be  obtained. 

5.1.1  Dimensional  Analysis  and  Buckingham’s  Pi-Theorem 

Dimensional  analysis,  attributed  to  Buckingham  [56],  is  based  on  the  logic  that  a 
general  relationship  between  two  quantities  can  only  be  established  if  these  quantities 
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have  the  same  dimensions'.  In  addition,  the  magnitude  of  the  ratio  of  the  two  quantities 
must  be  independent  of  the  units  in  which  the  quantities  are  measured.  That  is,  the  ratio 
of  the  height  to  the  length  of  a table  remains  constant  whether  it  is  measured  in  feet, 
inches  or  meters,  a direct  product  of  the  linearity  of  our  system  of  measurements. 

Dimensional  analysis  differs  from  other  types  of  analysis  in  that  only  their 
dimensions,  and  not  so-called  natural  laws  such  as  Newton’s  Law  of  Motion,  govern  the 
relation  between  variables.  Relationships  obtained  with  this  procedure,  by  itself,  are 
qualitative  rather  than  quantitative.  Yet,  accurate  prediction  equations  can  be  obtained 
when  combined  with  experimental  procedures. 

The  derivation  of  such  equations,  or  determining  the  relationship  amongst 
variables,  is  not  always  possible,  or  evident,  from  an  analytical  perspective.  This  type  of 
analysis  provides  a technique  to  investigate  and  determine  relationships  among  variables 
by  experimental  means.  The  likelihood  of  obtaining  a correlation  amongst  the  variables 
been  studied,  if  such  correlation  exist,  is  enhanced  by  the  dimensional  analysis  technique. 

The  dimensional  analysis  performed  in  this  paper  will  take  advantage  of 
Buckingham’s  Pi  Theorem.  Buckingham’s  theorem  states  the  minimum  number  of 
dimensionless  groups,  or  7t-terms,  required  to  express  a relationship  amongst  variables. 
This  minimum  number  of  7t-terms  equals  the  number  of  independent  quantities  minus  the 
number  of  dimensions  involved  in  the  problem.  The  expression  that  describes  the 


^ Dimensions  are  parameters  such  as  time  (T),  mass  (M),  and  length  (L).  For  the  purpose  of  our  discussion 
a dimension  of  force  (F  = Mass  * Acceleration  = ML/T^2),  which  is  a combination  of  the  basic  dimensions, 


will  be  used. 
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phenomenon  under  study  can  take  the  form  of  the  sum,  the  product,  or  a combination  of 
sum  and  product,  of  7t-terms. 

The  only  restriction  for  a 7C-term  is  that  it  has  to  be  dimensionless  and  independent. 
For  example  the  ratio  of  the  transfer  length  to  the  strand  diameter  is  a 7i-term.  Since  both 
parameters  have  units  of  length,  their  ratio  is  dimensionless.  Similarly,  the  initial  strain 
in  the  strand,  the  ratio  of  the  pre-compression  in  the  concrete  to  the  concrete  compressive 
strength  at  transfer  and  the  ratio  of  the  prestress  in  the  strand  to  the  concrete  strength  at 
transfer  are  also  non-dimensional,  hence,  possible  7t-terms. 

5.2  Transfer  Length  Data 

5.2.1  Transfer  Length  Database 

A transfer  length  database  was  created  using  MS  Excel  software.  The  entries  were 
obtained  from  the  available  literature,  including  publications  by  Cousins  et  al.  [16-18], 
Kaar  et  al.  [36],  Russell  and  Burns  [68],  Mitchell  et  al.  [55],  Deatherage  et  al.  [19]  and 
Rose  and  Russell  [66,  67].  The  database  contains  of  401  entries,  with  385  transfer  length 
measurements  and  other  related  information  such  as:  strand  diameter,  end  on  which  the 
transfer  length  is  measured,  end  slip,  concrete  strength  at  transfer  of  the  prestressing  force 
and  the  initial  prestress  in  the  strand. 

5.2.2  Effect  of  Method  Used  to  Determine  Transfer  Length 

As  discussed  on  Chapter  4,  there  are  several  methods  that  can  be  used  to 
determine  the  transfer  length  from  strain  profiles.  Recently,  for  most  practical  purposes, 
the  Federal  Highway  Administration  endorsed  the  95%  Average  Maximum  Strain 
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Method,  devised  at  the  University  of  Texas  at  Austin  by  Russell  and  Burns,  over  the 
Slope  Intercept  Methods. 

In  light  of  this  endorsement  and  the  fact  that  the  data  obtained  during  the 
experimental  program  at  the  University  of  Florida  had  been  analyzed  following  the  Slope 
Intercept  Method,  with  intercept  at  95%  of  the  maximum  average  strain,  the  data 
obtained  at  the  University  of  Florida  was  re-analyzed  following  the  procedure  endorsed 
by  the  Federal  Highway  Administration.  The  strain  profiles  were  re-evaluated  following 
the  95%  Average  Maximum  Strain  procedure  and  with  the  slope  intercept  method  with 
intercept  at  1 00%  of  the  average  maximum  strain.  A descriptive  statistical  analysis  was 
performed  on  the  data,  totaling  65  measured  transfer  lengths.  The  transfer  lengths  were 
normalized  with  respect  to  the  strand  diameter.  The  results  of  this  analysis  are  presented 
on  Table  5.1. 

Table  5-1  Descriptive  Statistical  Analysis  of  Transfer  Length  Determination 
Methods 


Parameters  in  Terms  of 
Number  of  Strand  Diameters 

95%  Slope 
Intercept 

100%  Slope 
Intercept 

95%  Average 

Maximum 

Strain 

Mean  Transfer  Length 

46.8 

49.3 

50.0 

Median  Transfer  Length 

47.5 

50.0 

52.0 

Standard  Deviation 

10.1 

10.6 

11.0 

Range  of  Transfer  Lengths 

26.2-69.2 

27.6-72.8 

27.6-76.9 

95%  Confidence  Interval 

43.9-49.8 

46.3  -52.8 

47.0  - 53.0 

On  average,  the  transfer  lengths  estimated  following  the  procedure  endorsed  by 
the  FHWA  were  6.8%  longer  than  those  determined  with  the  slope  -intercept  method, 
with  intercepts  at  95%  the  maximum  average  strain.  The  mean  of  these  transfer  lengths 
was  also  longer,  by  1.4%,  than  those  estimated  by  the  slope  intercept  method  with 
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intercept  at  1 00%  of  the  average  maximum  strain.  The  transfer  lengths  estimated  with 
the  slope  intercept  method,  with  intercept  at  1 00%  of  the  maximum  average  strain,  were 
5.3%  longer  than  those  estimated  with  the  intercept  at  95%  of  the  average  maximum 
strain. 

The  coefficients  of  variation  for  the  transfer  lengths  estimated  following  the  slope 
intercept  methods  were  21.6%  and  21.5%  for  intercepts  at  95%  and  100%  of  the  average 
maximum  strain,  respectively.  The  coefficient  of  variation  for  the  transfer  lengths 
estimated  following  the  95%  Average  Maximum  Strain  Method  was  22%.  Figure  5-1 
presents  a graph  of  the  transfer  lengths  estimated  using  the  three  different  methods 
described  before. 

The  Slope  Intercept  method  with  intercept  at  95%  of  the  average  maximum  strain 
and  the  95%  Average  Maximum  Strain  Method  yielded  the  upper  and  lower  bound  mean 
transfer  length  values.  Best-fit  lines,  or  trendlines,  for  the  transfer  lengths  estimated  with 
these  two  methods  are  included  on  Figure  5-1 . The  slope  of  these  lines,  which  were  not 
forced  through  the  origin,  differs  by  less  than  half-percent,  0.5%.  Hence,  these  lines  are 
essentially  parallel  with  the  intercept  of  the  lines  shifted  by  1.8  strand  diameters,  or  about 
3.6%.  Had  the  intercept  of  these  lines  been  forced  through  the  origin,  the  slope  of  these 
lines  would  have  differed  by  less  than  7%. 

The  variation  in  the  transfer  lengths,  as  estimated  by  each  of  these  methods,  is 
more  than  three  times  the  maximum  difference  of  the  mean  transfer  lengths  when 
estimated  following  the  different  procedures.  This  large  scatter  in  the  data  relative  to  the 
small  difference  in  the  transfer  lengths  determined  by  the  different  methods  indicates  that 
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concerns  over  which  method  is  used  when  determining  the  transfer  length  are  not 
warranted. 


Transfer  Length  vs  Strand  Diameter 


Figure  5-1  Comparison  of  Method  Used  for  Determining  The  Transfer  Length 


5.2.3  Effect  of  Concrete  Strength  at  Transfer 

The  predictor  equations  presented  by  AASHTO  and  ACI  for  transfer  length  does 
not  consider  the  effect  of  the  concrete  strength  at  transfer.  Research  programs  conducted 
by  Sozen  and  Stoker  [75]  and,  most  recently,  by  Mitchell  et  al.  [55]  have  found  that  the 
concrete  strength  does  affect  the  strand  bond  behavior. 

Figure  5-2  shows  a graph  of  the  transfer  length,  normalized  with  respect  to  the 
strand  diameter,  versus  the  concrete  strength  at  transfer.  From  visual  inspection,  the 
transfer  length  appears  to  be  independent  of  the  strength  of  the  concrete  at  time  the 
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prestressing  force  is  transferred  from  the  strand  to  the  concrete  section.  A linear 
regression  analysis  of  the  data  indicated  that  this  is  not  so.  The  regression  analysis 
yielded  a negative  sloped  line.  The  negative  slope  obtained  from  this  analysis  indicates 
that  the  transfer  length  is  reduced  as  the  concrete  strength  at  transfer  increases. 

In  an  extensive  research  program  in  the  later  part  of  the  1960’s,  Stoker  and  Sozen 
[75]  studied  various  parameters  affecting  bond,  including  concrete  strength.  The 
experimental  program  consisted  of  short-embedment  pull-out  tests.  From  these  studies, 
the  researchers  concluded  that  the  bond  strength  increased  approximately  10%  for  every 
1000-psi  increase  in  concrete  strength. 

Mitchell  et  al.  [55]  concluded  that  the  transfer  length  is  reduced  by  the  squared 
root  of  the  ratio  of  a benchmark  concrete  strength  of  3-ksi  to  the  concrete  strength  at 
transfer.  That  is,  for  a 1000-  psi  increase  in  concrete  strength,  f ci  = 4000  psi,  results  in  a 
reduction  of  15.5%  transfer  length  when  compared  to  a concrete  strength  at  transfer  of 
3000  psi. 

The  transfer  of  the  prestressing  force  at  the  University  of  Florida  occurred  at 
concrete  strengths  in  the  3500  psi  to  4300  psi  range.  For  this  range  of  concrete  strengths, 
the  transfer  length  measured  at  the  University  of  Florida  decreased  approximately  4.2% 
per  1000-psi  increase  in  concrete  strength  at  transfer.  Figure  5-2  shows  a graph  of  the 
measured  transfer  lengths,  normalized  with  respect  to  the  respective  diameter  of  the 
strand,  versus  the  concrete  strength  at  transfer. 
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Effect  of  Concrete  Strength,  f ci, 
on  the  Transfer  Length  of  Prestressing  Strands 

University  of  Fiorida  Data 


Figure  5-2  Effect  of  Concrete  Strength  on  Transfer  Length 
(University  of  Florida  Data) 


Two  regression  analyzes,  similar  to  the  analysis  performed  on  the  transfer  lengths 
measured  at  the  University  of  Florida,  were  performed.  One  of  these  analyses  was 
performed  on  the  entire  population  included  on  the  transfer  length  database.  The  second 
regression  analysis  was  done  on  a population  that  excluded  the  data  reported  by  Cousins 
et  al.  [16-18].  Both  regression  analyses  yielded  results  similar  to  those  observed  at  the 
University  of  Florida.  In  both  instances,  a reduction  of  5.1%  in  the  transfer  length  could 
be  expected  for  a 1000-psi  increase  in  concrete  strength  at  transfer.  The  coefficient  of 
determination,  improved  when  the  transfer  lengths  reported  by  Cousins  et  al.  were 
excluded.  See  Figure  5-3. 


^ is  an  indicator  of  the  adequacy  of  a regression  model.  An  of,  for  example,  0.87  means  that  the 
model  accounts  for  87%  of  the  variability  in  the  data.  An  R^  of  1 indicates  a “perfect  fit”.  Yet,  this 
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Effect  of  Concrete  Strength,  f ci 
on  the  Transfer  Length  of  Prestressing  Strands 

AM  Data  (Cousins  et  al.  excluded) 


Figure  5-3  Effect  of  Concrete  Strength  on  Transfer  Length 
(Cousins  et  al.  [16-18]  excluded) 

It  should  be  noted  that  most  of  the  entries,  78%,  on  the  database  are  for  small 
diameter  strands,  that  is,  strand  diameters  smaller  than  6/10”.  As  we  shall  see  later  in 
Figure  5-9,  the  effect  of  the  compressive  strength  of  the  concrete  appears  to  have  an 
increased  influence  in  the  transfer  length  of  strands  with  diameters  larger  than  6/10”. 

5.2.4  Effect  of  the  Initial  Prestress 

The  current  code  philosophy,  with  respect  to  the  effect  the  stress  in  the  strand  has 
on  transfer  length,  assumes  the  transfer  length  to  be  linearly  proportional  to  the  effective 


indicator  should  be  used  with  caution.  An  of  unity  can  be  achieved  by  increasing  the  order  of  the 
polynomial  of  the  model,  but  this  does  not  means  that  this  is  a good  model. 
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stress  in  the  strand.  Recently,  several  researchers  have  proposed  the  transfer  length  to  be 
proportional  to  the  initial  stress  in  the  strand,  fpi. 

Attempting  to  correlate  the  transfer  length  to  the  initial  stress  in  the  strand  seems 
reasonable  for  two  reasons.  First,  the  initial  stress  in  the  strand  is  always  higher  than  the 
effective  prestress,  ensuring  that  the  correlation  obtained  is  for  the  worst-case  scenario. 
Second,  most  of  the  reported  transfer  lengths  were  measured  soon  after  transfer  of  the 
prestressing  force  took  place,  as  is  the  case  of  the  project  conducted  at  the  University  of 
Florida.  The  stress  in  the  strand  at  this  point  is  the  initial  prestress  minus  the  elastic 
shortening  loss,  since  losses  due  to  creep,  shrinkage  and  strand  relaxation  have  not  yet 
taken  place.  The  initial  prestress  - transfer  lengths  pairs,  measured  at  the  University  of 
Florida,  are  plotted  on  Figure  5-4. 

A regression  analysis  demonstrated  an  increase  in  initial  stress  in  the  strand,  fpi, 
was  corresponded  by  an  increase  in  transfer  length.  Transfer  lengths  increased  1.6%  per 
one  ksi  increase  in  stress  in  the  strand,  when  evaluated  in  a range  of  initial  prestress  of 
190  ksi  to  220  ksi. 

Similarly,  the  initial  prestress-  transfer  length  pairs  reported  in  the  literature,  and 
included  in  the  database  were  plotted.  A linear  regression  analysis  was  performed  on  the 
data.  The  best-fit  line  obtained  from  this  analysis  had  a negative  slope,  indicating  a 
reduction  in  transfer  length  corresponding  to  an  increase  in  the  initial  stress  in  the  strand. 
This  behavior  is  contrary  to  what  theoretical  developments  indicate. 
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Effect  of  Initial  Prestress 
on  the  Transfer  Length  of  Prestressing  Strands 
University  of  Honda  Data 


Figure  5-4  Effect  of  Initial  Prestress  on  Transfer  Length 
(University  of  Florida  Data) 


The  transfer  length  - initial  prestress  pairs  reported  by  North  Carolina  State 
University,  the  University  of  Oklahoma  and  those  reported  by  Karr  et  al.  [36]  were 
removed  from  the  analysis.  The  pairs  reported  by  the  University  of  Oklahoma  were 
removed  because  the  initial  stress  states  reported  are  the  target  initial  prestress.  No 
reference  is  made  to  the  actual  initial  prestress  values.  The  transfer  lengths  reported  by 
North  Carolina  State  University  were  excluded  from  this  analysis  because  they  does  not 
seem  to  be  representative  of  the  transfer  length  population^. 


^ The  researcher,  Michael  Simmons,  in  his  PhD  dissertation  found  some  of  the  transfer  lengths  measured  at 
NCSU  not  to  be  representative  of  the  transfer  length  population.  These  transfer  lengths  were  removed  from 
the  analysis  of  the  data. 
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The  transfer  lengths  reported  by  Kaar  et  al.  [36]  appear  to  increase  proportional  to 
an  increase  in  strand  stress  until  a critical  stress,  1 60  ksi,  is  reached,  after  which  the 
transfer  length  decreases  as  the  initial  stress  in  the  strand  increases.  It  should  be  kept  in 
mind  that  the  researchers  were  studying  the  effect  of  concrete  strength  at  transfer.  To 
achieve  different  concrete  strengths  with  the  same  concrete  mix,  the  transfer  occurred  at 
different  time  intervals.  Introducing  variables,  such  as  curing  time  of  the  concrete,  for 
which  we  still  do  not  have  a complete  understanding  of  the  effect  they  may  have  on  the 
transfer  length. 

Figure  5-5  presents  a plot  of  the  transfer  length  - initial  prestress  pairs  reported  by 
the  University  of  Texas  [66,  67,  the  University  of  Tennessee,  McGill  University,  Hanson 
and  the  University  of  Florida.  A linear  regression  analysis  yielded  a positively  sloped 
line,  indicating  an  increase  in  transfer  length  following  an  increase  in  the  initial  prestress. 
The  increase  in  transfer  length  was  in  the  order  of  a quarter  of  a percent  (0.25%)  per  ksi 
increase  in  stress  in  the  strand. 

The  difficulty  in  attempting  to  determine  the  effect  of  the  initial  prestress  on  the 
transfer  length  is  stems  from  the  fact  that  most  data  transfer  lengths  were  measured  on 
specimens  where  the  initial  prestress  lie  in  a relatively  narrow  range,  1 90  ksi  to  205  ksi. 
The  narrow  range  of  initial  prestress  can  be  attributed  to  two  reasons. 

First,  most  research  programs  worked  with  a single  grade  of  strand.  Second,  most 
researchers  have  assumed  that  a higher  initial  stress  in  the  strands  yields  a worst-case 
scenario  for  the  transfer  length.  As  such,  the  strands  are  stressed  to  a target  initial 
prestress  equal  to  75%  of  the  guaranteed  strength  of  the  strand.  Deviations  from  the 
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target  initial  prestress  are  to  be  expected,  but  this  are  mostly  due  to  the  difficulty  in 
achieving  an  exact  predetermined  stress  in  the  strand  during  the  jacking  operation. 

Figure  5-4  shows  a clear  trend  where  an  increase  in  the  initial  stress  is 
corresponded  by  an  increase  in  transfer  length.  This  trend  is  not  clear  in  Figure  5-5. 
Furthermore,  had  all  the  data  in  the  database  been  included  this  trend  would  have  been 
reversed.  Such  divergence  could  be  attributed  to  the  fact  that  the  research  at  the 
University  of  Florida  systematically  investigated  the  effect  of  initial  prestress. 

Meanwhile,  for  most  research  programs,  by  setting  a constant  target  initial  prestress  level 
and  using  a single  grade  of  strand,  the  range  for  the  initial  prestress  for  any  particular 
research  program  is  relatively  narrow  and  statistically  insignificant. 

By  using  three  different  grades  of  strands,  the  researchers  at  the  University  of 
Florida  were  able  to  obtain  three  distinct  initial  prestress  levels,  202  ksi,  218  ksi  and  225 
ksi.  This  was  done,  w'hile  variables  such  as  concrete  strength,  section  size  and  shape, 
specimen  age  and  other  variables  identified  as  affecting  transfer  length  and  bond 
performance  were  kept  constant.  By  doing  so,  the  effect  of  the  initial  prestress  on  the 
transfer  length  was  isolated. 

Future  research  programs  should  consider  predetermined  variations  in  the  level  of 
initial  prestress.  For  the  available  data,  the  initial  stress  in  the  strand  appears  to  have  no 
independent  effect  on  transfer  length.  The  effect  of  this  parameter  needs  to  be  studied  in 
light  of  a dimensional  analysis. 


126 


Effect  of  Initial  Prestress 
on  the  Transfer  Length  of  Prestressing  Strands 
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Figure  5-5  Effect  of  Initial  Prestress  on  Transfer  Length 

5.2.5  Effect  of  Strand  Diameter 

5.2. 5.1  Normalized  transfer  lengths  histograms 

Section  11.4.3  of  the  ACI  3 1 8-99  allows  the  estimate  of  the  transfer  length  as 
fifty-strand  diameters  and  the  assumption  of  linear  transfer  of  prestress  for  shear  design 
considerations.  The  transfer  length  estimates  are  particularly  critical  for  shear  design. 

The  shear  capacity  of  the  section  is  directly  influenced  by  prestress  level  on  the  section. 
As  such,  underestimating  the  transfer  length  leads  to  un-conservative  shear  designs. 

The  following  paragraphs  will  discuss  the  validity,  or  appropriateness,  of  ACI  3 1 8 
Section  1 1 .4.3  by  means  of  histograms  of  the  measured  transfer  length  normalized  with 
respect  to  strand  diameter.  Figure  5-6  shows  the  results  obtained  at  the  University  of 
Florida.  Figure  5-7  shows  the  histogram  for  all  the  entries  on  the  database.  Transfer 
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lengths  reported  by  Cousins  et  al.  [16-18]  were  substantially  longer  than  those  obtained  at 
the  University  of  Florida.  In  general,  the  transfer  lengths  reported  by  Cousins  et  al.  were 
also  longer  than  those  reported  by  others  researchers.  Figure  5-8  is  similar  to  Figure  5-7, 
but  the  results  reported  by  Cousins  et  al.  have  been  excluded  from  the  analysis. 

University  of  Florida  Transfer  Length  Data.  The  histogram  of  the  transfer 
lengths  measured  at  the  University  of  Florida  showed  a normal  distribution  around  47.7 
strand  diameters  with  a mean  of  48,5  strand  diameters.  See  Figure  5-6.  Ninety-two 
percent  of  the  transfer  lengths  measured  at  the  University  of  Florida  were  less  than  sixty- 
strand  diameters  (60db),  while  97%  were  less  than  sixty-five  strand  diameters,  (65db). 

The  longest  transfer  lengths  measured  at  the  University  of  Florida  were  65.8  and 
69.2  strand  diameters.  It  should  be  noted  that  these  were  measured  on  a 1/2"  Grade  300 
strand.  The  transfer  lengths  for  Grade  300  strands,  in  terms  of  strand  diameters,  were 
consistently  longer  than  those  of  Grade  270  strands.  This  will  be  discussed  further  in 
following  sections. 

Histogram  Transfer  Length/  Strand  Diameter 
UF  Data  Only 


Figure  5-6  Histogram  of  Transfer  Length  to  Strand  Diameter 
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An  analysis  of  the  data  gathered  on  Grade  270  Strands  showed  that  ninety-six 
(96%)  of  the  data  had  transfer  lengths  shorter  than  sixty  strand  diameters  (60db).  No 
transfer  length  measured  more  than  sixty-five  strand  diameters.  The  sample  had  a mean 
of  45.4db  and  a median  of  46.1, 

Database  Transfer  Length  Data.  The  histogram  for  all  the  entries  in  the 
database,  again,  showed  a normal  distribution.  The  median  had  shifted  from  forty-eight 
strand  diameters  (48db)  to  fifty-two  strand  diameters  (52db),  in  comparison  with  the  data 
gathered  at  the  University  of  Florida.  The  high  frequency  region  was  skewed  away  from 
the  high  transfer  length-strand  diameter  ratios.  Only  65%  of  the  entries  have  transfer 
lengths  shorter  than  sixty  strand  diameters  (60db)  when  all  the  entries  in  the  database  are 
considered.  An  inclusion  of  95%  of  the  entries  is  not  achieved  until  entries  with  transfer 
lengths  as  long  as  a hundred  strand  diameters  (lOOdb)  are  included.  Transfer  lengths  in 
excess  of  one  hundred-twenty  strand  diameters  (120db)  were  found.  See  Figure  5-7. 


Histogram  Transfer  Length/  Strand  Diameter 
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Figure  5-7  Histogram  of  Transfer  Length  to  Strand  Diameter  Ratio  (ALL) 
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An  inspection  of  the  entries  in  the  database  revealed  that  most  of  these  large 
transfer  length-strand  diameter  ratios  were  reported  by  Cousins  et  al.  [16-18],  the  same 
report  that  prompted  the  FHWA  Memorandum  in  1988. 

Database  Transfer  Length  Data  with  Cousins  et  al.  Data  Excluded.  A 
histogram  where  the  data  reported  by  Cousins  et  al.  has  been  excluded  is  presented  on 
Figure  5-8.  The  transfer  length  - strand  diameters  distributed  normally.  The  median  was 
forty-eight  strand  diameters  (48db).  Fifty  percent  of  the  entries  had  transfer  lengths 
between  thirty-five  (35db)  and  sixty  (60db)  strand  diameters.  The  longest  transfer  length 
reported,  when  the  data  reported  by  Cousins  et  al.  is  excluded,  is  less  than  ninety-strand 
diameters  (90db).  Seventy-five  percent  of  the  entries  had  transfer  length-strand  diameter 
ratios  smaller  than  sixty  strand  diameters,  (60db).  Ninety-two  and  ninety-six  percent 
inclusions  were  achieved  at  transfer  lengths  shorter  than  seventy-five,  (75  db)  and  eighty 
strand  diameters  (80db),  respectively. 

The  data  indicates  that  ACI  318-99  Section  1 1.4.3  transfer  length  estimate  of  fifty 
strand  diameters  (50db)  is  a good  predictor  of  the  average  transfer  length  for  Grade  250 
and  Grade  270  strands.  While  an  average  value  of  the  transfer  length  is  desirable  for  the 
verification  of  the  stresses  in  the  section  at  transfer  and  the  service  condition,  it  may  lead 
to  unconservative  shear  designs.  If  a ninety-five  percent  confidence  of  the  estimate  is 
desired,  an  eighty-strand  diameters  (80db)  transfer  length  should  be  used. 
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Histogram  Transfer  Length/Strand  Diameter 
Cousins  et  al.  data  not  included 
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Figure  5-8  Histogram  of  the  Transfer  Length  to  Strand  Diameter  Ratio 


5.2. 5.2  Effect  of  strand  diameter  on  transfer  length 

As  presented  in  the  background  discussion  on  Chapter  2,  current  code  philosophy 
on  bond  and  transfer  length  of  prestressing  strands  assumes  a linearly  proportional 
relation  with  the  strand  diameter.  Transfer  lengths  measured  on  large  diameter  strands  at 
the  University  of  Florida  did  not  conform  to  this  philosophy. 

As  other  researchers  found  before,  the  author  found  the  smaller  diameter  strands 
to  follow  this  linear-proportionality  philosophy.  Transfer  lengths  for  strand  diameters  up 
to  the  1/2"  special  strand,  with  a nominal  strand  diameter  of  0.52”,  appeared  to  be 
proportional  to  the  strand  diameter.  The  transfer  lengths  for  6/10”  and  7/10”  diameter 
strand  did  not  followed  this  trend. 

The  measured  transfer  lengths  for  the  6/10”  and  7/10”  strands  averaged  25.7”  and 

22.2  inches,  respectively.  These  transfer  lengths  are  comparable  to  those  measured  on 
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1/2"  Grade  270  strands  during  Phase  I and  Phase  II  of  this  research  project  (Lt  = 24.0”). 
The  transfer  lengths  measured  on  Grade  270  - smooth  wire  strands  at  the  University  of 
Florida  are  presented  on  Figure  5-9. 


Transfer  Length  vs  Strand  Diameter 
University  of  Florida  Data 
Smooth  Wire  Grade  270  Strand 


Figure  5-9  Transfer  Length  versus  Strand  Diameter  Chart 
(Smooth  Wire  Grade  270  Strand  tested  at  the  University  of  Florida) 

Transfer  lengths  measured  on  indented  wire  strand  and  higher  grade,  i.e.  Grade 
290  and  Grade  300,  strands  were  not  included,  so  the  only  variable  affecting  the  transfer 
lengths  present  is  the  strand  diameter.  We  should  recall  that  the  initial  stress  in  the  strand 
and  the  concrete  strength  at  transfer  were  kept  relatively  constant.  The  initial  prestress  is 
approximately  75%  of  the  strand  guaranteed  strength  and  the  concrete  strength  is  in  the 
3700  psi  to  4300  psi  range. 

A review  of  the  literature  revealed  that  Kaar,  LaFraugh  and  Mass  [36]  observed  a 
similar  behavior.  They  disregarded  this  observation  because  the  6/10”  strand  tested  was 
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slightly  rusted.  Yet,  the  rust  in  the  strand,  by  itself,  cannot  explain  the  difference  in  bond 
and  transfer  length  behavior.  Figure  5-10  depicts  a graph  of  the  transfer  lengths 
measured  by  Karr,  LaFraugh  and  Mass. 


Effect  of  Strand  Diameter 
on  the  Transfer  Length  of  Prestressing  Strands 


Figure  5-10  Transfer  Length  Data  (Kaar  et  al.)[36] 

Transfer  lengths  measured  on  the  cut  ends  of  specimens  with  low  concrete 


strength  at  transfer  followed  the  linear  proportionality  trend  of  the  smaller  diameter 
strands  for  all  strand  diameters.  Yet,  on  the  free  ends  of  these  specimens,  an  improved 
transfer  length  performance  was  observed.  It  appears  that  due  to  the  impact  at  transfer 
and  the  low  concrete  strength  the  mechanical  interlocking  was  destroyed,  reducing  the 
transfer  mechanism  to  mostly  frictional. 

A marked  improvement  in  transfer  length  performance  was  observed  for  transfer 
lengths  measured  on  specimens  with  high  concrete  compressive  strengths  at  transfer. 
This  improvement  in  transfer  length,  performance  points  toward  an  enhanced  mechanical 
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bonding  capability  that  is  independent  of  the  strand  surface  condition,  but  dependent  on 
the  diameter  of  the  strand  and  the  concrete  strength  at  transfer. 

In  the  late  1980’s,  Deatherage  et  al.  [19]  reported  that  transfer  lengths  measured 
on  specimens  reinforced  with  6/10”  strand  did  not  followed  this  trend.  Their  results 
indicated  that,  although  the  transfer  lengths  had  increased  relative  to  those  of  smaller 
diameter  strands,  the  increase  in  transfer  length  was  not  linearly  proportional  to  the 
increase  in  strand  diameter.  Figure  5-11  presents  a chart  of  the  transfer  length  versus  the 
strand  diameter  for  the  data  gathered  by  Deatherage,  Burdette  and  Chew. 
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Figure  5-11  Transfer  Length  Data  (Deatherage  et  al.)[19] 

Russell  and  Burns  later  found  transfer  length  to  be  exponentially  related  the  strand 
diameter,  in  a relation  in  the  form  of  Equation  5.1. 


Effect  of  Strand  Diameter 
on  the  Transfer  Length  of  Prestressing  Strands 
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Equation  5.1 
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The  data  gathered  by  Russell  and  Burns  [68]  was  limited  to  1/2"  and  6/10” 
diameter  Grade  270  strands.  In  their  conclusions,  the  authors  recommended  a linear 
relationship. 

Figure  5-12  presents  a transfer  length  versus  strand  diameter  chart  for  all  the 
entries  in  the  database.  Figure  5-13  depicts  the  same  graph,  but  the  data  obtained  by 
Cousins  et  al.  has  been  excluded. 


Effect  of  Strand  Diameter 
on  the  Transfer  Length  of  Prestressing  Strands 
All  Data 


Figure  5-12  Transfer  Length  versus  Strand  Diameter  Chart 
( All  entries  on  the  Database) 


The  disproportionate  distribution  in  the  population  of  transfer  lengths  forces  any 
regression  type  analysis  to  describe  the  behavior  of  the  smaller  diameter  strands.  Since, 
currently  the  industry  standard  is  1/2"  Grade  270  strand,  nearly  half  the  entries  on  the 
database  correspond  to  this  size  of  strands.  Yet,  a clear  trend  can  be  observed  for  the 
larger  diameter  strands.  All  the  transfer  lengths  reported  for  strands  with  strand  diameter 
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in  excess  of  6/10”  fall  below  the  regression  analysis  line  and  the  ACI  50db  line.  Further 
research  is  desirable  to  increase  the  population  of  transfer  lengths  measured  on  large 
diameter  of  strands,  before  the  development  of  empirical  equations  is  attempted. 


Effect  of  Strand  Diameter 
on  the  Transfer  Length  of  Prestressing  Strands 

All  Data  (Cousins  et  al.  not  included) 


Figure  5-13  Transfer  Length  versus  Strand  Diameter  Chart 
( Cousins  et  al.  excluded) 

Mayfield  et  al.  [52]  reported  the  transfer  lengths  reported  for  0.71”  strand.  These 
transfer  lengths  were  reported  in  a chart  format.  The  values  in  the  database  were 
estimated  from  the  charts  published  by  Mayfield  et  al.  The  strand  tested  was  a 19  wire 
strands.  As  such,  a direct  comparison  of  these  results  to  the  others  included  in  the 
database  should  not  be  attempted. 
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5.2.6  End  Slip  - Transfer  Length  Relationship 

The  end-slip,  or  draw-in,  is  the  distance  the  strand  slips  into  the  concrete  section 
when  the  prestressing  force  is  transferred.  The  draw-in  occurs  under  the  same  bond 
conditions  as  the  prestressing  force  is  transferred,  that  is,  the  same  initial  prestress  in  the 
strand,  strand  surface  condition  and  concrete  strength  at  transfer,  among  other  variables 
identified  as  affecting  bond.  As  such,  the  measurement  of  end-slip  has  been  proposed  as 
an  in-situ  bond  indicator. 

As  discussed  in  Chapter  2,  several  equations  have  been  derived  to  correlate  the 
transfer  length  to  the  end-slip,  known  as  slip-theory.  Currently  two  slip-theory  based 
transfer  length  expressions  are  generally  accepted.  In  the  United  States,  the  generally 
accepted  expression  assumes  a linear  profile.  Equation  2. 1 8.  One  proposed  by  the 
International  Federation  of  Concrete,  FfP,  assumes  a parabolic  strain  profile.  Equation 
2.19. 
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Equation  2.18 

Equation  2.19 
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Polish  researchers  found  X to  be  2.86.  De  Uijl,  through  simulations,  found  that 
the  value  of  X to  lie  between  2.4  and  2.7  with  an  average  of  2.56. 

The  research  project  at  the  University  of  Florida  measured  end-slips.  These  end- 
slip  measurements  helped  verify  the  transfer  lengths  measured  by  means  of  surface  strain 
measurements.  Measurements  on  the  cut  ends  were  often  lost  due  to  the  impact  received 
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by  the  instmmentation  at  transfer.  Most  of  the  research  projects  included  in  the  database 
did  not  measured  end-slip  at  transfer.  A graph  of  the  transfer  length  - end  slip  pair 
measured  at  the  University  of  Florida  is  presented  on  Figure  5-13. 

Equations  2.18  and  2.19  have  been  consistently  proven  by  research  work  done  in 
various  laboratories.  Equation  2.18  coincides  with  the  average  of  the  available  data, 
while  Equation  2. 19  envelops  90%  of  the  data  points.  Eighty-percent  (75%)  of  the  pairs 
measured  at  the  University  of  Florida  are  enveloped  by  Equation  2. 17  with  a coefficient  X 
equal  to  2.6.  Yet,  if  the  end  slips  measured  on  the  higher  strength  strands  are  excluded 
then  Equation  2.19  and  Equation  2. 17  envelops  95%  and  90%  of  the  data  points, 
respectively.  This  does  not  means  that  Equation  2. 17,  Equation  2. 18  and  Equation  2. 19 
do  not  apply  to  the  higher  grade  strands.  It  is  simply  that  the  lines  drawn  on  Figure  5-14 
were  computed  for  an  initial  prestress,  fsi,  of  202.5  ksi. 


End  Slip  versus  Transfer  Length 
Univesity  of  Florida 


Figure  5-14  End  Slip  versus  Transfer  Length  Chart 
(University  of  Florida  Data) 
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Figure  5-15  presents  a chart  of  the  end-slip  computed  transfer  lengths  - transfer 
length  pairs  reported  by  researchers  at  the  University  of  Texas  Austin[68]  and  University 
of  Oklahoma  [66],  in  addition  to  those  reported  by  the  University  of  Florida.  Again, 
Equation  2. 18  coincided  with  the  linear  regression  line  and  Equation  2. 19  enveloped  over 
90%  of  the  data  points.  Equation  2.17,  with  >.=2.6,  enveloped  80%  of  the  pairs. 

The  use  of  end-slip,  first  presented  by  Anderson  and  Anderson,  as  a bond  quality 
control  tool,  not  only  seems  appropriate  for  the  prestressed/precast  concrete  producers, 
but  also  for  design  engineers.  The  design  engineer  by  limiting  the  amount  of  slip 
allowable  can  obtain  a better  estimate  of  the  upper  bound  value  of  the  transfer  length.  As 
discussed  before  under-estimates  of  the  transfer  length  can  lead  to  over-estimating  the 
shear  capacity  of  the  section  within  the  transfer  zone.  These  are  typically  the  critical 
sections  in  the  design  for  shear.  (Prestressed  concrete  is  typically  used  as  simple  supports 
structures,  hence  the  high  shear  zones  are  at  the  ends  of  the  elements.) 
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End  Slip  versus  Transfer  Length 

University  of  Florida,  University  of  Texas  - Austin  & University  of  Oklahoma  Data 


Figure  5-15  End  Slip  versus  Transfer  Length  Chart 
University  of  Florida,  University  of  Texas  «&  University  of  Oklahoma 
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5.3  Development  Length 

As  mentioned  before,  the  development  length  of  a strand  cannot  be  directly 
measured.  As  such,  the  best  we  can  do  is  to  estimate  a range  where  the  development 
length  exists  by  performing  flexural  tests  at  different  embedment  lengths.  The 
development  length  is  then  said  to  exist  in  a range  bounded  by  the  longest  embedment 
length  at  which  a bond  type  of  failure  was  observed  and  the  shortest  embedment  length  at 
which  a flexural  type  of  failure  was  observed. 

Two  flexural  tests  were  performed  on  each  specimen,  one  on  each  end.  A total  of 
four  tests  were  performed  on  each  series,  except  on  Phase  I which  consisted  of  one-six 
specimen  series  and  where  only  the  cut  ends  were  tested. 

The  determination  of  the  range  within  which  the  development  length  exists  was  not 
always  possible,  because  bond  failures  were  not  observed.  For  this  reason,  the  most  we 
can  say,  with  some  degree  of  certainty,  is  that  flexural  capacity  was  developed  at  such 
embedment  lengths  and  that  the  development  length  could  be  shorter  than  those 
embedment  lengths,  but  is  not  possible  to  estimate  how  much  shorter. 

In  some  instances,  it  was  possible  to  determine  the  range  where  the  development 
lengths  exist,  as  in  the  case  for  some  series  reinforced  with  half  inch  strands.  For 
example  on  series  UF16,  reinforced  with  1/2"  Grade  300,  a definite  range  was  established 
between  56”  and  65”  and  a test  at  62”  exhibited  a hybrid  failure,  the  failure  was 
determined  as  bond  type  of  failure  but  flexural  concrete  crushing  was  identified 
immediately  after  the  loading  was  stopped. 
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Yet  on  Phase  II,  specimens  reinforced  with  1/2"  strands  were  able  to  attain  full 
flexural  capacity  at  embedment  lengths  as  short  as  26”  while  bond  failures  were  observed 
at  embedment  lengths  as  long  as  40”.  Two  factors  can  be  identified  as  the  culprits  of 
such  paradox:  the  loading  configuration  and  transfer  length. 

The  spans  used  in  some  of  Phase  II  specimens  were  set  at  144”.  By  doing  so  the 
intended  constant  moment  region  was  negated  and  the  section  of  maximum  moment  was 
shifted  from  the  leading  point  load,  the  point  load  closer  to  the  end  being  tested,  to  the 
trailing  load.  Since  the  flexural  bond  distribution  is  not  known,  the  critical  section''  could 
not  be  established.  As  such,  in  the  case  of  the  strand  that  developed  in  26”  it  is  not 
possible  to  determine  whether  bond  failure  would  have  been  observed,  or  not,  had  the 
point  of  maximum  moment  had  coincided  with  the  embedment  length.  An  schematic  of 
the  loading  configurations  and  the  resulting  shear  and  moment  diagrams  are  presented  in 
Figure  5-16. 

In  series  UF5,  UF6  and  UF7,  the  loading  error  was  corrected  by  loading  either 
symmetrically  or  with  one  point  load.  This  allowed  for  the  intended  constant  moment 
region  in  the  case  of  symmetric  loading  and,  in  both  types  of  loading,  for  the  maximum 
moment  section  to  coincide  with  the  embedment  length.  In  those  series,  specimens  that 
had  attained  flexural  capacity  when  loaded  at  certain  embedment  length  with  144”  spans, 
failed  in  bond  when  loaded  symmetrically  with  the  same  embedment  length  or  with  one 
point  load. 


''  The  critical  section  should  be  considered  as  the  point  where  the  ratio  of  the  anchorage  demand  to  the 
anchorage  capacity  is  at  a maximum.  The  ACI  defines  it  as  the  point  of  maximum  moment. 
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Figure  5-16  Schematic  of  loading  types  and  resulting  shear  and  moment 
diagrams.  A.  Shear  and  Moment  Diagram  for  a beam  loaded  symmetrically.  B. 
Shear  and  Moment  diagram  for  a beam  loaded  non-symmetrically.  Note:  The  span 
remains  constant.  The  effect  of  the  beam  selfweight  has  been  neglected. 


With  reference  to  the  transfer  length,  it  was  noted  that  strands  where  flexural 
capacity  was  achieved  with  short  embedment  lengths  also  had  short  transfer  lengths. 
Several  researchers  have  proposed  development  length  equations  linearly  proportional  to 
the  transfer  lengths  [9,  68,  72],  Equation  5.1,  proposed  by  Brooks,  Grestle  and  Logan 
[9],  states  that  the  development  length  is  related  to  the  transfer  length  by  a constant  that 
equals  the  ratio  of  the  stress  in  the  strand  at  the  limit  state  to  the  effective  stress  in  the 
strand. 


fpe 


Equation  5 . 1 
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Researchers  at  the  University  of  Oklahoma  [72]  have  proposed  a crack  control 
criteria  by  defining  the  constant  as  the  ratio  of  the  section  nominal  capacity  to  the 
moment  that  causes  cracking. 

A review  of  the  literature  revealed  that  researchers  at  Lehigh  University  [8]  found 
that  bond  failure  occurred  when  the  stress  in  the  strand  within  the  transfer  zone  exceeded 
the  effective  prestress.  Janney  before  them  had  also  found  that  bond  failure  occurred 
when  a high  bond  stress  progressed  toward  the  end  of  the  beam  and  overlapped  the 
transfer  zone. 

The  researchers  at  University  of  Oklahoma  [72]  recognized  that  the  stress  in  the 
strand  increases  at  the  cracks  and  the  stress  wave  is  directly  related  to  the  formation  of 
cracks.  The  rationale  is  that  by  inhibiting  the  formation  of  cracks  within  the  transfer 
region  then  the  increase  in  strand  stresses  is  negligible  and  bond  failures  are  precluded. 

The  researchers  at  the  University  of  Florida  also  believe  the  development  length 
to  be  linearly  related  to  the  transfer  length.  Yet  it  is  our  belief  that  the  constant  should  be 
the  ratio  of  the  strain  in  the  strand  at  the  limit  state  to  the  strain  due  to  the  effective 
prestress. 

The  stress  waves  described  by  Janney  [34],  and  the  researchers  at  Lehigh  [8], 
were  measured  with  strain  gauges.  Hence,  these  stress  waves  are  actually  strain  waves. 

A simple  correlation  was  attempted  using  Equation  5.2  with  the  data  gathered  at  the 
University  of  Florida. 

, £ps*T  Equation  5.2 

Ld  = — ^ Li 

£pe 

where,  8ps  is  the  strain  in  the  strand  at  the  limit  state 

8pe  is  the  strain  in  the  strand  due  to  the  effective  prestress 
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The  results  of  this  correlation  are  presented  on  Figure  5-16.  Figure  5-16  presents 
a chart  of  the  embedment  lengths  versus  the  estimated  development  lengths,  using 
Equation  5.2. 


Embedment  Length  vs.  Estimated  Development  Length 
University  of  Florida  Data 


[♦Bond  4Bof>cyRex  0 Flexural] 


Figure  5-16  Embedment  Length  versus  Predicted  development 
Length  Comparison  Chart 

Due  to  the  nature  of  the  flexural  bond  tests,  where  a range  of  values  is  determined 
through  a trial  and  error  process,  meaningful  descriptive  statistical  analysis  could  not  be 
performed  on  the  results  obtained  from  Equation  5.2.  The  results  were  evaluated 
graphically  in  Figure  5-16. 

Figure  5-16  shows  an  interesting  trend  where  the  bond  type  failures  form  a lower 
boundary,  parallel  to  the  Equality  Line.  Data  points  below  the  equality  line  are  expected 
to  have  some  type  of  bond  failure.  A similar  type  of  analysis  was  done  for  data  reported 
by  other  researchers,  but  the  trend  shown  on  Figure  5-16  could  not  be  reproduced. 
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Further  investigation  is  required  to  determine  the  adequacy  of  Equation  5.2. 
Equation  5.2  is  simple,  yet  powerful.  The  strain  in  the  strand  at  the  limit  state  due  to 
flexural  action  is  determined  from  compatibility  equations.  The  steel  stresses  required 
for  the  computation  of  flexural  capacity  are  computed  from  this  strain.  The  effect  of 
shear  - moment  interaction  can  be  accounted  for  by  using  modified  compression  field 
theory,  MCFT,  to  estimate  the  strain  in  the  strand,  accounting  for  the  shear  contribution 
to  the  stress  in  the  strand.  Response2000,  a Windows™-based  software  developed  at  the 
University  of  Toronto,  consider  MCFT  for  the  computation  of  strains  and  stresses. 


CHAPTER  6 


TRANSFER  LENGTH  PREDICTOR  EQUATION 
6.1  Introduction 

A design  equation  to  estimate  the  transfer  length  is  developed,  tested  and  presented 
in  this  chapter.  The  knowledge  and  understanding  of  the  nature  of  bond  acquired  through 
the  analysis  of  the  data  presented  in  Chapter  5 was  applied  to  the  development  of  the 
transfer  length  predictor  equation. 

The  aforementioned  analysis  of  the  data  provided  the  author  with  a better 
understanding  of  the  nature  of  bond  and  how  it  is  influenced  by  parameters  such  as, 
concrete  strength  and  strand  diameter.  The  parameters  targeted  for  study  in  this  program 
included  the  effect  of  strand  diameter  and  initial  prestress.  The  exploration  of  the  effect 
parameters  such  as  concrete  cover  and  concrete  strength  may  have  on  bond  was  possible 
through  a review  of  the  published  literature. 

6.2  Nature  of  Bond 

Regarding  the  effect  the  diameter  of  the  strand  may  have  on  the  strand’s  bond 
performance,  transfer  lengths  were  found  to  be  proportional  to  the  strand  diameter  for 
small  diameter  strands,  db  < 6/10”.  For  larger  strands,  transfer  lengths  are  no  longer 
proportional  to  the  diameter  of  the  strand.  The  departure  from  linear  proportionality  to 
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the  diameter  of  the  strand  observed  in  the  transfer  lengths  measured  on  large  diameter 
strands  had  already  been  reported  in  the  literature. 

Deatherage  et  al.  [19]  first  reported  that  the  transfer  lengths  measured  on  large 
diameter  strands  did  not  followed  the  trend  of  linear  proportionality  to  the  strand 
diameter  seen  in  small  diameter  strands.  The  authors  of  an  earlier  publication  found  a 
similar  trend.  Yet,  the  authors  credited  the  improved  bond  performance  to  rust  in  the 
6/10”  diameter  strand  [36]. 

Had,  as  reported  by  the  authors,  the  corrosion  in  the  strand  been  responsible  for 
the  reduction  in  the  measured  transfer  lengths  for  6/10”  strands,  this  improved  bond 
performance  should  have  also  been  reflected  on  the  transfer  lengths  measured  on  the  cut 
ends  of  low  concrete  strength  specimens.  This  improved  bond  performance  was  not 
reflected  in  the  transfer  lengths  measured  on  those  specimens.  The  improved  bond 
performance  was  only  observed  on  high  concrete  strength  specimens  and  on  the  free  ends 
of  low  concrete  strength  specimens.  For  this  reason,  it  can  be  concluded  that  mechanical 
interlocking  played  an  important  role  in  the  improved  bond  performance  and  the 
mechanical  interlocking  on  the  cut  ends  of  low  concrete  strength  specimens  was 
destroyed  at  transfer,  explaining  the  absence  of  an  improved  bond  performance  on  this 
specimens. 

Although  the  range  of  concrete  strengths  at  transfer  explored  at  the  University  of 
Florida  was  limited,  transfer  lengths  were  found  to  decrease  as  the  concrete  strength 
increases.  Researchers  at  McGill  University  [55],  which  explored  a substantially  larger 
range  of  concrete  strengths  at  transfer,  proposed  a correction  factor  that  accounted  for  the 
strength  of  the  concrete,  see  Equation  2.9. 
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The  concrete  cover  was  found  to  be  effective  for  concrete  covers  of  two-and-a-half 
strand  diameters  (I'A  db)  or  smaller.  Reductions  in  concrete  cover  carries  increases  in 
transfer  lengths,  while  increases  in  concrete  cover  do  not  affect  the  bond  performance  of 
the  strands. 

The  analysis  of  the  data  gathered  at  the  University  of  Florida  also  revealed  transfer 
length  increases  proportional  to  the  initial  prestress.  This  finding  could  not  be 
corroborated  with  the  data  available  in  the  literature. 

6.3  Transfer  Length  Predictor  Equation 

The  bond  phenomena  will  be  treated  as  a plane  stress,  concentric,  thick  walled 
elastic  cylinder  problem.  The  derivations  for  friction  bond  strength  will  not  depart  from 
the  work  done  by  Janney  [34]  and  Dinsmore  et  al.  [23].  Recently,  Abrishami  [1,2]  did 
some  developments  where  the  cylinder  material  was  described  as  series  of  layers:  a 
cracked  layer,  a partially  cracked  layer  and  an  isotropic,  un-cracked  layer.  Bearing  in 
mind  that  the  ultimate  goal  is  to  obtain  a design  equation  that  adequately  predicts  transfer 
length,  the  material  of  the  cylinder  is  assumed  to  be  isotropic. 

6.3.1  Transfer  Length  Equation  Limitation  and  Assumptions 

The  development  of  an  expression  for  the  estimation  of  the  transfer  lengths 
required  that  some  assumptions  be  made.  The  first  assumption  is  regarding  to  the 
stresses  in  the  concrete.  The  second  assumption  is  regarding  mechanical  interlocking. 

Concerning  the  concrete  stresses,  although  the  circumferential  and  radial  stresses 
at  the  concrete-steel  interface  are  of  the  same  order  of  magnitude  as  the  compressive 
strength  of  the  concrete,  stresses  of  such  magnitude  are  limited  to  the  region  in  immediate 
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vicinity  to  the  concrete  - steel  interface  and  diminish  rapidly  as  the  distance  from  the 
center  of  the  cylinder  increases  [1,2], 

Figure  6-1  present  a schematic  of  the  circumferential  stresses  induced  due  to  the 
swelling  of  the  strand.  These  stresses  are  tensile.  The  distribution  of  the  radial  stresses 
is  similar  in  shape  and  magnitude,  but  the  stresses  are  compressive'. 


["• 4 in. 


Figure  6-1  Schematic  of  Theoretical  Distribution  of  Circumferential  Stresses. 

Source:  Reference  75 

Research  has  found  the  mechanical  properties  of  confined  concrete  to  exceed 
those  of  unconfmed  concrete  [6],  Rehm  reported  shear  strengths  in  the  order  of  ten  times 
the  concrete  compressive  strength  for  confined  concrete  [48], 

The  concrete  cover  affects  transfer  length  only  for  concrete  covers  of  two  and  a 
half  strand  diameters  (2.5db)  and  smaller  [21],  For  concrete  covers  of  less  than  three 
strand  diameters  the  transfer  length  increases  almost  linearly.  Concrete  cover  over  two- 


' For  more  information  related  to  the  stresses  induced  due  to  the  swelling  of  the 
strand  and/or  due  to  the  shrinkage  of  the  concrete,  please  refer  to  References  1 and  75.. 


149 

and-a-half  strand  diameters  precludes  the  formation  of  splitting  cracks  and  additional 
cover  does  not  improve  bond  performance. 

Assumption  #1:  Sufficient  concrete  cover  is  provided  such  that  splitting  cracks 
are  precluded. 

Assumption  #2  The  concrete  in  the  immediate  vicinity  of  the  concrete  - steel 
interface  is  well  confined. 

The  research  done  by  Mayfield  [52],  comparing  the  bond  behavior  of  Dyform 
strands  with  that  of  regular  strands,  indicated  that  compacting  the  strand  affected,  in 
detriment,  the  bond  performance  of  the  strand.  Proving  the  added  bond  capability  due  to 
mechanical  interlocking.  Figure  6-2  presents  a schematic  of  the  compacted,  or  Dyform, 
strand 

(b) 

Figure  6-2  Schematic  of  the  strand  geometry,  (a)  Regular  strand,  (b) 
Compacted  strand  (Dyform)  Source:  Hurst's  Prestress  Concrete  Design  textbook 

In  the  1950s  Rehm  [65]  found  that  the  effectiveness  of  the  concrete  shear  keys 
formed  between  the  deformations  in  deformed  reinforcing  bars  was  a function  of  the  size 
and  shape  of  the  deformations.  These  concepts  appear  to  be  true  for  strands  also. 

Using  the  bond  performance  of  small  diameter  strands  as  a benchmark  , Figure 
5.9  show  a marked  improvement  in  bond  performance  for  high  concrete  strength 
specimens  reinforced  with  6/10”  strand.  No  difference  in  bond  performance  is  observed 
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for  low-concrete  strength  specimens  reinforced  with  6/10”  strand,  or  the  cut  ends.  It  must 
be  concluded  that  the  interstices  of  the  larger  diameter  strands  are  large  enough  for  the 
concrete  in  fluid  form  to  fill  them  and  be  effective  shear  keys. 

Mechanical  interlocking  is  produced  by  the  reaction  of  the  strand  outer  wires 
against  matching  concrete  shear  keys  as  the  strand  tries  to  slip  without  twisting.  The 
matching  concrete  shear  keys  are  formed  when  the  concrete  is  poured  in  fluid  form  and 
fills  the  interstices  of  the  strand.  The  strength  of  the  shear  keys  depends  on  the  concrete 
strength  and  the  geometry  of  the  shear  keys  [65]. 

Assumption  #3  Mechanical  Interlocking  is  a function  of  the  strand  geometry  and 
the  concrete  strength.  For  the  mechanical  interlocking,  the  interstices  of  the  strand  need 
certain  dimensions  that  allow  for  the  concrete,  in  fluid  form,  to  fill  them  and  harden  as 
effective  shear  keys.  The  dimensions  of  the  interstices  of  the  6/10”  diameter  strands,  and 
larger,  are  such  that  allow  for  the  mechanical  interlocking  to  become  effective. 

6.3.2  Mechanical  Interlocking  Bond  Strength 

Figure  6.3  shows  a schematic  of  the  geometry  of  a strand.  The  center  wire  of  the 
strand  is  a little  larger,  about  4%,  than  the  outer  wires  to  prevent  the  center  wire  from 
slipping.  For  the  purpose  of  our  discussion,  the  diameter  of  the  center  wire  is  assumed  to 
be  equal  to  that  of  the  outer  wires.  The  diameter  of  the  individual  wires,  di,  is  equal  to 
one-third  the  strands  nominal  diameter^,  db. 


2 

ASTM  defines  the  nominal  diameter  as  the  crown  to  crown  distance,  db. 
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Figure  6-2  Strand  Geometry 

An  enlargement  of  a section  of  the  strand  is  presented  on  Figure  6.4.  For  clarity 
only  two  of  the  outer  wires  are  presented.  The  mechanical  interlocking  bond  strength 
was  defined  as  the  shear  strength  developed  over  the  length  “xi“,  as  defined  in  Figure  6.4. 
A right  triangle  and  two  outer  wires  define  the  length  “xj”.  Two  corners  of  the  right 
triangle,  each  with  a 45°  internal  angle,  coincide  with  the  center  of  each  wire.  The  length 
“xi“  is  the  distance  between  the  two  points  where  the  legs  of  the  triangle  intersect  the 
outer  wires. 


Figure  6-3  Schematic  of  the  derivation  of  the 
Mechanical  Interlocking  Bond  Strength 
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Recognizing  that  di  equals  one-third  db,  Equation  6. 1 defines  the  distance  Xi  as: 

X,  = d^*(l -sin  45°)  Equation  6.1 

Strands  have  six  interstices.  The  shear  strength  acts  over  a unit  distance  equal  to 
one  over  the  cosine  of  the  pitch.  Figure  6-4  shows  a schematic  of  the  strand  and  the 
pitch. 


Figure  6-4  Schematic  of  the  strand. 

As  such,  Equation  6.2  defines  the  unit  shear  strength  developed  over  the  length 
“xi”.  Equation  6.2  is  simplified  in  Equation  6.3. 


cosO 


where  O is  the  pitch  of  the  strand 
f ci  is  the  strength  of  the  concrete  at  transfer 


Equation  6.2 


4^db0:-sin^ 

cosO 


Equation  6.3 
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6.3.3  Frictional  Bond  Strength 


6.3.3. 1 Radial  pressure  at  the  concrete  - steel  interface 

The  friction  bond  strength  is  function  of  the  radial  stress  on  the  concrete  -steel 
interface  and  the  friction  coefficient.  The  radial  stress  at  the  interface  is  a function  of  the 
distance  from  the  free  end.  The  solution  for  the  circumferential  and  radial  stress  in  a 
thick-walled  cylinder,  obtained  from  Timonshenko  and  Goodier’s  book,  Theory  of 
Elasticity,  is  presented  in  Equation  6.4  [78]. 


oe  = 


df  pi 

b'-a' 


r 

V 


Or  = - 


a^  pi 

b'-a' 


f 

1 

V 


where  Oris  the  radial  stress 

ae  is  the  tangential,  circumferential,  stress 

a is  the  inner  radius  of  the  cylinder 

b is  the  outer  radius  of  the  cylinder 
r is  the  distance  from  the  center  of  the  cylinder 
Pi  is  the  internal  pressure  on  the  cylinder 


Equation  6.4 


For  the  stresses  at  the  interface.  Equation  6.4  is  evaluated  at  r = a. 
Equation  6.4  can  be  further  simplified,  see  Equation  6.5,  if  the  outer  radii  is  assumed  to 
be  much  larger  than  the  inner  radii,  that  is  b » a. 

ae=  p 


Or  = -p 


Equation  6.5 
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The  internal  pressure,  pi,  is  obtained  from  strain  compatibility  at  the 
concrete  - steel  interface.  Equation  6.6  gives  the  radial  stain  of  a wire. 

Ar  ae  - u (gz  + Or) 

£r  = — = ^ Equation  6.6 

For  the  special  case  where  the  wire  is  free  to  expand,  that  is  the  radial  and 

circumferential  stresses  are  zero  (Or  = Oe  = 0)  and  the  wire  is  prestressed,  the  radial  strain 

on  the  wire  is  given  by  Equation  6.7. 

^ ^ _ DsAgz  _ Us(fsi  - fs)  Equation  6.7 

Es  Es 

where  fsi  is  the  initial  prestress 

fs  is  the  transferred  prestress  at  a given  section 
Es  the  Young’s  Modulus  of  the  wire 
Us  is  the  Poisson  Ratio  of  the  steel 

At  the  concrete  steel  interface.  Equation  6.8  gives  the  strain  in  the  concrete 
cylinder.  Equation  6.8  is  a special  case  of  Equation  6.6.  The  fact  that  the  radial  and 
tangential  stresses  have  the  same  magnitude  at  the  concrete  - steel  interface  is 
recognized,  see  Equation  6.5. 


^ _ Gr(l + Us)  + ozUc  Equation  6.8 

£ rc  — 

Ec 

The  concrete  axial  compression,  Oz,  can  be  expressed  as  the  stress  in  the  concrete 
cross  section  due  to  the  transferred  prestress  at  a given  section,  fs  * p.  The  radial  stress 
can  then  be  found  from  strain  compatibility.  The  radial  stress  equals  the  difference 
between  the  strain  on  the  unrestrained  wire  as  the  prestress  decreases  and  the  concrete 
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restrain,  times  the  Elastic  Modulus  of  the  steel.  Equation  6.9  summarizes  the  strain 
compatibility  relation. 

Or  = (ae  - 86.)  Es  Equation  6.9 

Equation  6.10,  a complete  expression  for  the  radial  stress,  ar,is  obtained  by 
substituting  Equation  6.7  and  6.8  into  Equation  6.9. 

_ (fsi-fs)  Us-pfsUcn 

~ Equation  6.10 


6.4  Friction  and  Mechanical  Bond 

It  can  easily  be  shown  that  the  change  in  force^  on  the  strand  equals  the  bond 
strength'*,  p,  times  the  differential  area  over  which  the  bond  strength  is  acting.  The 
differential  area  over  which  bond  act  is  the  perimeter  of  the  wire  times  a differential 
length  of  wire.  The  relationship  between  bond  and  longitudinal  stress  in  the  wire  is 
presented  in  Equation  6.11. 


Ap  df 

p = 

Zo  dx 

where  Ap  is  the  area  of  the  wire/strand 

Zo  is  the  perimeter  of  the  wire/strand 
df 

— is  the  change  in  stress  with  distance 
dx 


Equation  6.11 


2 

The  change  in  force  is  the  cross  sectional  area,  Ap,  times  the  change  in  stress,  df 
'*  The  bond  strength  is  a force  per  area. 
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The  proposed  bond  stress  includes  frictional  and  mechanical  interlocking 
components.  The  mechanical  interlocking  component  is  given  by  Equation  6.3  for  large 
diameter  strands,  db  > 6/10”.  For  strand  diameters  smaller  than  6/10”,  the  mechanical 
interlocking  component  is  equaled  to  zero.  Equation  6.12  presents  the  proposed  bond 
stress  equation. 

p = (p(ar  + fm.  cos45°)  + fmisin45°  Equation  6.12 

where  (j)  is  the  steel/concrete  friction  coefficient,  (j)  « 0.3  [75]. 

Equating  Equation  6.1 1 and  Equation  6.12  yields  a first  order,  non-homogeneous 
differential  equation.  Equation  6.13  presents  the  solved  differential  equation. 


hkifs  = k2 

dx 


.-.fs 


= A e 


kiz 


Boundary  Condition  ^fs  = 0@z  = o 


ki 

where 


ki  = k3(us  + n puc) 


k2  = lC3  U s fsi 


+ 


— fmi  (cp  cos 45°  +sin45  °) 
Ap 


k4  = l + (l  + t)c)n 


Equation  6.13 


lC2 

where  z is  the  distance  from  the  end  of  the  specimen  to  the  section  under  consideration, 
n is  the  modular  ratio  and  the  remaining  terms  are  as  defined  in  previous  sections  of 
this  chapter. 


6.5  Transfer  Length  Predictor  Equation 

As  presented  in  Chapter  2,  the  transfer  length  is  the  distance  over  which  the 
prestressing  force  in  the  strand  is  transferred  to  the  surrounding  concrete.  As  such  the 
stress  in  the  strand  at  the  end  of  the  transfer  length  is,  approximately,  equal  to  the  initial 
prestress.  Equation  6.13  is  evaluated  for  the  boundary  condition  where  z = Lt  and  solved 
for  the  transfer  length,  Equation  6. 14. 

Lt  = — ln(  1 - — fsi)  Equation  6.14 

ki  ki 

Again,  bearing  in  mind  that  the  ultimate  goal  is  to  present  a simple  design 
equation  in  a format  similar  to  the  present  code  equation  format.  Equation  6. 13  was 
expanded  into  a series  and  evaluated  for  the  boundary  condition,  z = Lt. 

fs.  = bLt--klk2Lt^  Equation6.15 

2 

The  higher  order  terms  were  dropped  from  Equation  6. 1 5 and  the  equation  solved 


for  the  transfer  length.  Equation  6. 16. 
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fsi  „ Ap 

IJL  — — Isi 

lC2  Zo 


(p  Ds  fsi 


1 + ( 1 + Vc)n 


1 


+ fmi  (9  cosine  45°  + sine  45° ) 


Equation  6.16 


6,5,1  Measured  Transfer  Lengths  versus  Predicted  Transfer  Lengths: 

University  of  Florida  Data 

Transfer  lengths  were  computed,  using  Equation  6. 16,  with  the  parameters 
gathered  at  the  University  of  Florida  and  compared  to  the  measured  transfer  lengths.  The 
computed  transfer  lengths  showed  a good  correlation  to  the  measured  transfer  lengths, 
w 45%,  considering  the  scatter  of  the  data  seen  in  Chapter  5. 

A linear  regression  analysis  showed  that  the  computed  transfer  lengths  were  about 
one-half  the  measured  transfer  length.  An  expected  shortfall  since  Equation  6. 1 6 was 
obtained  by  truncating  Equation  6.15.  Equation  6. 1 6 had  to  be  modified  such  that  the 
computed  transfer  lengths  were  increased  by  a factor  of  two  (2). 

Previous  researchers  have  demonstrated  the  effect  the  surface  condition  has  on  the 
measured  transfer  lengths.  To  account  for  the  different  surface  conditions  of  the  strands, 
correction  factors  were  applied  to  the  computed  transfer  lengths.  Transfer  lengths 
computed  for  rusted  strands  were  reduced  by  25%^,  i.e.  multiplied  by  a factor  of  0.8.  The 
computed  transfer  lengths  for  indented  or  deformed  wires  were  multiplied  by  a factor  of 


^ Reductions  of  20%  to  40%  in  transfer  length,  due  to  rusting  of  the  strand,  have 


been  reported.  The  average  improvement  that  can  be  expected  is  about  25%. 
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0.7,  or  a 42%  reduction^.  The  transfer  lengths  measured  at  the  University  of  Florida  were 
compared  to  the  corresponding  estimations  of  the  transfer  lengths. 

Figure  6-5  presents  the  graph  of  the  measured  transfer  lengths,  measured  at  the 
University  of  Florida,  versus  the  corresponding  transfer  lengths  estimates.  By  accounting 
for  the  different  surface  conditions  the  Coefficient  of  Determination,  R^,  improved  from, 
approximately,  45%  to  69%.  With  a coefficient  of  variation  of  about  0. 14. 


Measured  Transfer  Length  vs  Predicted  Transfer  Length 
University  of  Florida  Data 


Figure  6-5  Measured  Transfer  Length  versus  Predicted  Transfer 
Length  Comparison.  (UF  Data  Only) 


6.5.2  Recent  Research  Projects  Database 

A database  containing  the  transfer  lengths  reported  by  the  most  recent  projects 
only  was  developed.  The  data  reported  by  Mayfield  [52],  the  University  of  Texas  [68] 


^ Ratio  of  the  transfer  lengths  measured  on  3/8”  indented  wire  strands  to  those 


measured  on  3/8”  smooth  wire  strands. 


160 


and  the  University  of  Oklahoma  [67],  McGill  University  [55],  Deatherage  at  the 
University  of  Tennessee  - Knoxville  [19]  and  the  University  of  Florida  were  included. 
Although  the  data  reported  by  Mayfield  cannot  be  considered  recent,  inclusion  of  this 
data  on  the  database  was  deemed  necessary  since,  aside  from  the  transfer  lengths  reported 
by  the  University  of  Florida,  Mayfield  is  the  only  other  researcher  to  report  transfer 
lengths  for  7/10”  diameter  strands,  albeit  the  strand  tested  were  19-wire  strands,  A total 
of  229  data  points  were  included  in  the  database. 

Transfer  length  reported  by  McGill  University  for  specimens,  16/89-975  and 
16/89-675,  as  well  as  University  of  Texas  series  FC5,  FCT5,  FC6  and  FCT6  were 
expunged  from  the  database.  The  researchers  at  McGill  University  reported  having 
problems  during  the  stressing  operation  for  these  two  specimens.  The  initial  prestress 
levels  of  the  strands  on  these  two  specimens  were  substantially  low,  126  ksi,  and  are  not 
considered  typical  of  prestress  concrete  applications. 

The  specimens  belonging  to  the  University  of  Texas  series  FC5,  FCT5,  FC6  and 
FCT6  were  5”  by  13”  specimens  reinforced  with  five  (5)  strands.  The  pre-compression 
levels  on  these  specimens  were  of  the  order  of  2250  psi  and  3000  psi,  for  1/2"  and  6/10” 
diameter  strands,  respectively.  The  magnitude  of  the  stresses  to  which  these  specimens 
were  subjected  appears  to  have  adversely  affected  the  bond  performance  of  the  strands. 
The  transfer  lengths  reported  for  these  series  were,  on  average,  25%  to  30%  longer  than 
those  reported  for  their  companion  AASHTO  type  sections. 

6.5.3  Test  for  Systematic  Errors 

The  ratios  of  the  measured  transfer  lengths  to  the  predicted  transfer  lengths  were 
computed.  These  ratios  were  plotted  against  parameters  such  as  concrete  strength  or 
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strand  diameter.  This  type  of  graph  permitted  the  identification  of  systematic  errors  on 
the  predictor  equation. 

The  coefficient  of  variation  of  the  ratio  of  the  measured  to  predicted  transfer 
length  for  the  database  population  was  0.24,  compared  to  14%  for  the  data  gathered  at  the 
University  of  Florida.  Such  difference  is  expected  due  to  the  variations  in  test  procedures 
and  materials  used  in  the  different  research  programs. 

Systematic  errors  in  the  effect  of  the  initial  prestress  and  the  compressive  strength 
of  the  concrete  at  transfer  were  identified.  Transfer  lengths  for  the  Grade  290  and  Grade 
300  strands  underestimated,  that  is  measured  to  predicted  transfer  length  ratios  greater 
than  1 .0.  The  effect  of  high  concrete  strengths,  f 'c  > 6000  psi,  on  transfer  length  was 
overestimated,  i.e.  measured  to  predicted  transfer  length  ratios  smaller  than  1.0,  see 
Figure  6-6. 


Effect  of  Concrete  Strength 


Figure  6-6  Effect  of  Concrete  Strength  (un-corrected) 
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Two  correction  factors  were  introduced  to  account  for  the  higher  Grades  of  strand 
and  the  concrete  strength.  The  transfer  length  predictor  equation  was  simplified^  in 
Equation  6.17. 
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ai  tt2  03  2 fs 


Ap 

So 


(p  Us  fsi 


1 + (1  + Uc)n 


+ fin 


Equation  6.17 


where  finiis  the  mechanical  interlocking  bond  strength,  zero  for  db  < 6/10”  and  2 VFd 
for  db  > 6/10”. 

ai  is  the  strand  surface  condition  correction  factor,  1.0,  0.8  and  0.7,  for 
shiny,  rusted  and  deformed  strands,  respectively 


initial  prestress  correction  factor. 


fpi 


202.5  ksi 


tt3  concrete  strength  correction  factor,  i 


4000  psi 


fc. 


A correction  factor  to  account  for  the  strength  of  the  concrete  at  transfer,  similar 
to  a3  but  in  terms  of  the  squared  root  of  the  concrete  strength,  has  already  been  proposed 
by  researchers  at  McGill  University,  see  Equation  2.9.  Recently,  Darwin,  while  working 
on  high  rib  area  reinforcing  bars,  found  good  correlations  for  the  development  length  of 
reinforcing  bars  with  the  fourth  root  of  the  concrete  strength.  The  correction  factor  aj,  as 
presented,  minimized  the  coefficient  of  variation  of  the  transfer  lengths  ratio  and 
removed  the  systematic  error  from  the  predictor  equation. 


•y 

The  “(|)  cos(45)  + sin  (45)”  term  was  dropped  because  the  value  of  this  term  is 
approximately  1.0.  A factor  of  two,  obtained  from  a linear  regression  analysis  of  the  data 
gathered  at  the  University  of  Florida,  was  applied  to  Equation  6.16. 
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Figure  6.7  presents  a graph  of  the  ratios  of  the  measured  transfer  length  to  the 
predicted  transfer  length  versus  the  strand  diameter.  Incorporating  the  correction  factors 
that  account  for  the  strand  surface  condition,  the  initial  prestress  in  the  strand  and  the 
compressive  strength  of  the  concrete  at  transfer  resulted  in  a horizontal  trendline  with  an 
average  value  of  1 .0.  The  power  of  the  equation  approaches  zero,  0.032,  indicating  an 
insignificant  deviation  from  the  mean  value  with  changes  in  the  strand  diameter*. 


Effect  of  Strand  Diameter 
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Figure  6-7  Effect  of  Strand  Diameter  on  the  Measured  -Predicted 
Transfer  Length  Ratios 

Figure  6.8  and  6.9  presents  graphs  similar  to  the  graph  depicted  in  Figure  6.7. 
Figure  6.8  presents  the  effect  of  initial  prestress  on  the  ratio  of  the  measured  to  predicted 
transfer  length.  Figure  6.9  presents  the  effect  of  the  compressive  strength  of  the  concrete, 
at  the  time  the  prestressing  force  is  transferred  from  the  strand  to  the  concrete  section,  on 


* Any  number  raised  to  a power  of  0 equals  1,  x°=l . 
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the  measured  to  predicted  transfer  length  ratio.  Again,  incorporating  the  correction 
factors  produced  a horizontal  trendline  with  mean  values  of  1 .0,  and  slight  deviations 
from  the  mean  with  over  the  range  of  values  for  initial  prestress  and  concrete 
compressive  strength  at  transfer. 


Effect  of  Initial  Prestress 


Figure  6-8  Effect  of  Initial  Prestress  on  Proposed  Predictor  Equation 


Similar  graphs  were  prepared  for  the  transfer  length  predictor  equation  proposed 
in  the  ACI  318  Commentary,  Zia  and  Mostafa  (presented  in  Nilson’s  textbook)  [57]  and 
Equation  2.9.  Other  transfer  length  predictor  equations  have  been  proposed.  Most  of 
these  equations  are  variations  of  the  equation  presented  on  the  Commentary  of  ACI  3 1 8, 
where  the  estimate  of  the  transfer  length  is  increased  by  certain  factor.  Some  of  the 
proposed  equations  relate  the  transfer  length  to  the  initial  prestress,  instead  of  the 
effective  prestress  as  the  equation  in  the  Commentary  to  ACI  318. 
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The  equations  used  in  the  following  investigation  depart,  to  some  degree,  from  the 
equation  presented  on  the  Commentary  to  ACI  3 1 8 in  their  description  of  the  transfer 
length  phenomena. 


Effect  of  Concrete  Strength 
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Figure  6-9  Effect  of  Concrete  Strength  on  Proposed  Predictor  Equation 

(Corrected) 


Most  of  the  proposed  equations  assume  a linear  relationship  between  the  tranfer 
length  and  the  diameter  of  the  strand.  The  equations  under  study  differ  in  that,  aside  from 
the  equation  presented  on  the  Commentary  to  ACI  3 1 8,  the  transfer  length  is  related  to 
the  initial  prestress  and  attempt  to  include  the  effect  of  the  strength  of  the  concrete  at 
transfer  into  the  description  of  the  transfer  length  behavior.  The  equation  presented  by 
Zia  & Mostafa  is  the  first,  reported,  attempt  to  account  for  the  effect  of  the  concrete 
strength.  Equation  6.9,  proposed  by  researchers  at  McGill  University,  describe  the  effect 
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of  the  concrete  strength  in  terms  of  the  squared  root  of  the  ratio  of  a benchmarck  concrete 
strength  (3  ksi)  to  the  concrete  strength  at  transfer. 

As  mentioned  before,  the  three  equations  under  investigation  assume  a linear 
relationship  between  the  transfer  length  and  the  strand  diameter.  As  such,  the  response  of 
any  of  these  equation  over  the  range  of  strand  diameter  is  similar  to  that  of  the  other  two. 
Figure  6. 10  shows  the  variation  in  measured  to  predicted  transfer  length  ratio  over  the 
range  of  strand  diameters.  A regression  analysis  of  the  ratios  of  the  measured  to 
predicted  transfer  length  yielded  a negatively  sloped  line,  indicating  that  the  predictor 
equation  tend  to  overestimate  the  effect  of  strand  diameter  for  large  diameter  strands. 


Effect  of  Strand  Diameter 


Figure  6-10  Effect  of  Strand  Diameter  on  ACI  Predictor  Equation 


Figure  6-1 1 and  Figure  6-12  present  the  effect  of  the  initial  prestress  and  the 
strength  of  the  concrete  at  transfer  on  the  ACI  Commentary  equation,  respectively.  As 
seen  in  Figure  6-1 1 and  Figure  6-12,  the  transfer  length  predictor  equation  proposed  in 
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the  Commentary  of  ACI  3 1 8 does  not  adequately  describe  the  effect  of  the  initial 
prestress  nor  that  of  the  strength  of  the  concrete  at  transfer  on  transfer  length. 


Effect  of  Initial  Prestress 


Figure  6-11  Effect  of  Initial  Prestress  on  ACI  Commentary  Predictor  Equation 

The  transfer  length  predictor  equation  proposed  by  Zia  and  Mostafa,  Equation  2.7, 
relates  the  transfer  length  as  inversely,  linearly,  proportional  to  the  concrete  strength  at 
transfer.  As  seen  previously,  the  transfer  length  - concrete  strength  relationship, 
although  inversely  proportional,  is  not  linear. 

Figure  6-13  presents  the  effect  of  the  concrete  strength  on  the  Zia  & Mostafa 
transfer  length  predictor  equation.  Figure  6-14  depicts  the  effect  of  the  concrete  strength 
on  Equation  2.9.  Equation  2.7  and  Equation  2.9  describe  the  effect  of  the  initial  prestress 
similar  to  the  equation  presented  in  the  Commentary  of  ACI  318.  The  systematic  errors 
observed  on  these  two  equations.  Equation  2.7  and  Equation  2.9,  over  the  range  of  initial 
prestress  are  similar  to  those  observed  on  Figure  6.11. 
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Effect  of  Concrete  Strength 
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Figure  6-12  Effect  of  Concrete  Strength  on  ACI  Commentary  Predictor 

Equation 

The  equation  proposed  by  Zia  & Mostafa  did  not  adequately  describe  the  effect  of 
the  concrete  strength  at  transfer  on  the  transfer  length.  Equation  2.9  description  of  the 
effect  of  the  concrete  strength  is  substantially  better  than  that  of  the  ACI  Commentary  or 
Zia  & Mostafa  equations.  Yet,  Equation  2.9  did  not  adequately  describe  the  effect  of  the 
initial  prestress  on  the  transfer  length. 


Measured  Transfer  Length/  Predicted  Transfer  Length  ^ Measured  Transfer  Length/  Predicted  Transfer  Length 

(McGill  University)  (Zia  & Mostafa) 
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Effect  of  Concrete  Strength 


Effect  of  Concrete  Strength  on  Zia  & Mostafa  Predictor  Equation 


Effect  of  Concrete  Strength 


Figure  6-14  Effect  of  Concrete  Strength  on  McGill  University  Predictor  Equation 
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6.6  Transfer  Length  Design  Equation 

The  mean  and  the  standard  deviation  of  the  measured  transfer  length  to  predicted 
transfer  length  ratios  was  computed  for  the  data  gathered  at  the  University  of  Florida  and 
all  the  data  included  in  the  recent  research  projects  database.  The  coefficient  of 
variations,  COV^,  for  measured  to  predicted  transfer  length  for  the  University  of  Florida 
data  was  13.2%.  The  coefficient  of  variation  for  all  the  data  in  the  database  was  24.0%. 
The  third  column  identified  as  “UF  Design”  represents  Equation  6. 18,  presented  later  in 
this  text,  using  a4  = 3.3. 
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Figure  6-15  Comparison  of  Proposed  Transfer  Length  Predictor  Equations 


^ COV  = standard  deviation/mean 
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These  represent  10%  and  6%  improvements  over  those  obtained  for  the  equations 
proposed  by  the  ACl  Commentary  and  McGill  University,  respectively.  The 
improvement  over  the  Zia  & Mostafa  and  the  ACI  Section  1 1 .4.3  are  more  significant,  in 
the  order  of  37.5%  and  18%,  respectively. 

For  clarity  Equation  6. 17  is  rewritten  in  the  form  of  Equation  6.18. 


T + c ^ 

Lt  = ai  U2  03  04  isi  — 
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Equation  6.18 


1 + ( 1 + x)c)n 

The  factor  a4  has  been  introduced  to  facilitate  the  development  of  a design 
equation  (The  factor  a4had  a value  of  two  (2)  in  Equation  6. 17.).  For  a design  equation 
it  is  desirable  to  obtain  a value  that  envelopes,  at  least,  95%  of  the  experimentally 
measured  transfer  lengths.  To  that  end  the  bond  strength,  that  is  the  term  in  the  bracket 
of  equation  6. 18,  is  reduced  by  a strength  reduction  factor,  given  by  Equation  6. 19. 
Mathematically  this  operation  is  identical  to  increasing  the  factor  a4,  by  the  inverse  of 
Equation  6.19. 


cp=(l-kCOV) 


Equation  6.19 


where  k = 1 .64  for  an  infinite  number  of  observations  and  2.0  for  forty  (40)  observations 
COV  is  the  Coefficient  of  Variation 


Since  the  database  contained  over  220  observation,  a k=1.64  will  be  used  and 
substituting  the  computed  Coefficient  of  Variation,  COV  =24.0%,  into  Equation  6.20,  (j)  = 
0.6064.  Multiplying  the  factor  a4  by  the  inverse  of  (j),  a design  value  for  a4  is  obtained. 


a4  = 3.3. 
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Figure  6-16  presents  a graph  of  the  effect  of  the  strand  diameter  on  the  ratio  of  the 
measured  to  predicted  transfer  lengths,  with  a4  = 2.  The  line  identified  as  95%  Fractile 
Analysis  Line  represents  the  shift  in  the  average  ratio  caused  by  the  reduction  factor,  (j). 
Since  the  systematic  errors  have  been  removed  from  Equation  6.18,  similar  graphs  can  be 
constructed  for  the  effect  of  concrete  strength  and  initial  prestress,  fpi. 
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Figure  6-16  Design  Transfer  Length  Equation  (95%  Fractile) 
Equation  6.18  with  a4=3.3 


CHAPTER  7 


CONCLUSIONS  AND  DESIGN  RECOMMENDATIONS 
7.1  Introduction 

The  purpose  of  this  investigation  was  to  obtain  fundamental  information  regarding 
the  effect  of  strand  diameter  and  initial  prestress  on  the  transfer  and  development  length 
performance  of  prestressing  strands.  The  efficient  use  of  high  strength  concrete  demands 
an  increase  in  prestressing  force.  As  mentioned  before,  the  increase  in  prestressing  force 
demands  either  additional  strands,  for  which  sections  have  been  developed  to  provide 
additional  space  to  accommodate  the  additional  strands,  or  by  increasing  the  per  strand 
force.  The  later  is  achieved  by  increasing  the  area  of  individual  strands,  increasing  the 
strand’s  breaking  strength  or  a combination  of  both. 

The  effect  of  the  strand  diameter  and  the  initial  prestress  on  transfer  and 
development  length  was  explored  experimentally.  An  attempt  was  made  to  analytically 
explain  the  behavior  observed  in  the  effect  of  large  diameter  strands  on  transfer  length. 

7.2  Transfer  Length 

7.2.1  Experimental  Program 

Transfer  lengths  were  measured  experimentally  by  means  of  concrete  surface 
deformation  measurements  and  end-slip  measurements.  Concrete  surface  profiles  were 
constructed  and  transfer  lengths  estimated  following  the  procedures  presented  in  Chapter 
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4,  that  is  the  Slope-Intercept  method  and  the  95%  Average  Maximum  Strain  method. 
Transfer  lengths  were  also  estimated  from  end-slip  measurements  assuming  a linear 
strain  profile. 

7.2.2  Conclusions 

Transfer  lengths  measured  on  specimens  reinforced  with  small  diameter  strands, 
i.e.  strand  diameters  smaller  than  6/10”,  were  proportional  to  the  strand  diameter.  The 
transfer  lengths  measured  on  specimens  with  large  diameter  strands,  that  is  db  > 6/10”, 
were  not  proportional  to  the  strand  diameter. 

The  transfer  length  provisions  presented  in  the  Commentary  to  ACI  3 1 8 adequately 
predicted  the  mean  transfer  length  for  small  diameter  strands.  For  large  diameter  strands, 
the  Commentary  on  ACI  318  transfer  length  provisions  overestimated  the  transfer 
lengths.  ACI  318  Section  1 1.4.3,  Lt=  50db,  also  provided  a good  estimate  of  the  mean 
transfer  length.  Inclusion  of  95%  of  the  data  required  75  to  80  strand  diameters. 

Transfer  lengths  were  found  to  be  inversely  proportional  to  the  compressive 
strength  of  the  concrete  at  transfer,  f ci,  and  directly  proportional  to  the  initial  prestress, 
fpi.  That  is,  the  transfer  lengths  decreased  as  the  concrete  strength  increased  and 
increased  as  the  initial  prestress  in  the  strand  increased. 

As  previously  reported  in  the  literature,  a good  correlation  was  found  between  the 
transfer  lengths  estimated  from  end-slip  measurements  and  the  transfer  lengths  estimated 
from  measured  deformations.  A best-fit  analysis  of  the  data  coincided  with  the  transfer 
lengths  estimated  assuming  a linear  strain  profile.  The  transfer  lengths  estimated,  from 
end-slip  measurements,  assuming  a parabolic  strain  profile  enveloped  most  of  the  data. 


about  90%. 
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A fifty  percent  (50%)  improvement  in  the  transfer  lengths  estimated  from  measured 
deformations  was  observed  on  the  3/8”  Grade  270  indented  wire  strand  compared  to  the 
3/8’  Grade  270  smooth  wire  strand.  The  improved  bond  performance  of  the  indented 
wire  was  corroborated  by  the  measured  end-slips.  Simple  pullout  tests,  Moustafa  type 
test,  could  not  reproduce  the  improved  bond  performance  of  the  indented  wire  strand. 

7.3  Development  Length 

7.3.1  Experimental  Program 

The  specimens  were  cured  for  28  days  and  tested  in  a two-point  load 
configuration.  The  two-point  configuration  provided  a constant  moment  region, 
neglecting  the  effect  of  the  specimen’s  weight,  which  allowed  for  the  loading  of  the 
specimen  at  the  critical  anchorage  section.  Strand  slippage  and  deflections  were 
continuously  recorded  and  the  cracks  patterns  marked  at  discrete  intervals. 

7.3.2  Conclusions 

All  the  specimens  loaded  at  embedment  lengths  in  excess  of  80%  of  the  ACI  3 1 8 
development  length  estimate,  where  adequate  shear  reinforcement  was  provided,  were 
able  to  achieve  ductile,  flexure  type,  failures. 

As  presented  in  the  literature,  the  formation  of  cracks  crossing  the  level  of  the 
strand  within  the  transfer  region  led  to  bond  failures.  In  addition,  the  results  seen  on 
series  LT17,  1/2"  Special  Grade  290  strand,  where  bond  and  flexural  type  failures  were 
observed  at  identical  embedment  lengths  on  ends  with  different  transfer  lengths,  indicated 
that  the  development  length  appears  to  be  proportional  to  the  transfer  length.  Yet,  it  is 
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not  possible  to  reach  a conclusion,  with  some  degree  of  certainty,  because  the  data 
available  is  insufficient. 


7.4  Design  Recommendations 

A transfer  lengths  predictor  equation  was  successfully  developed.  The  predictor 
equation  is  based  on  the  thick-walled  hollow  cylinder  solution  presented  by  Timoshenko. 
Frictional  and  mechanical  interlocking  bond  mechanisms  are  present  in  the  transfer  bond 
mechanism  of  large  diameter  strands,  while  the  transfer  bond  mechanism  for  small 
diameter  strand  is,  predominantly,  frictional. 

Equation  7. 1 reasonably  predicts  the  measured  transfer  lengths. 


L = ttimai  02  03  04  fsi 


Ap 


(p  Us  fsi 
1 + ( 1 + Uc)n 


• + fm 


Equation  7.1 


where  fsi  is  the  initial  prestress  in  the  strand 
Ap  is  the  strand  nominal  area 
Zo  is  the  perimeter  of  the  strand,  1 .33  n db 
n is  the  modular  ratio,  Eps/Ec 
(p  is  the  friction  coefficient  of  the  steel,  0.3. 

Vs  and  Vc  are  the  Poisson  ratios  for  the  steel  and  concrete,  respectively. 

fmiis  the  mechanical  interlocking  bond  strength,  zero  for  db  < 6/10”  and  2yff7i  ' 

for  db>6/10”. 

arm  is  the  release  method  correction  factor,  1 .0  for  gradual  release  and  1.3  for 
flame-cut,  or  sudden  release. 


' f 'ci  has  unit  of  pound  per  square  inches,  psi. 
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ai  is  the  strand  surface  condition  correction  factor,  1.0,  0.8  and  0.7,  for  shiny, 
rusted  and  deformed  strands,  respectively 


4 


tt2  initial  prestress  correction  factor,  

^ 202.5  ksi 


a^  concrete  strength  correction  factor,  — 


a4  a constant  that  assume  a value  of  2 for  stress  verification  and  3.3  for  shear  and 


The  adequacy  of  Equation  7.1  is  limited  to  elements  where  sufficient  concrete 
cover  and  confinement  steel  is  provided  to  preclude  the  formation  of  splitting  cracks,  that 
is  concrete  cover  greater  than  four  strand  diameters,  concrete  compressive  strengths  in  a 
3500  psi  to  8000  psi  range  and  initial  prestress  in  a 190  ksi  to  225  ksi  range.  Equation 
7.1  is  valid  for  strand  diameters  ranging  from  3/8”  to  7/10”. 


Over  the  course  of  this  study  several  questions  were  raised  that  could  not  be 
answered.  An  understanding  of  the  nature  of  bond  cannot  be  complete  without  those 
questions  being  satisfactorily  answered.  Further  experimental  studies  need  to  be  done  to 
answer  the  following  questions. 


2 

moment  strength  verification. 


7.5  Future  Research 


• Effect  of  partial  prestressing. 


• Effect  of  aggregate  type,  gravel  versus  limestone. 


^ Simmons,  in  his  PhD  Dissertation,  demonstrate  that  underestimating  the  transfer  length  leads  to  unsafe 
shear  designs.  Yet,  a short  estimate  of  the  transfer  length  yields  a worst-case  scenario  for  allowable  stress 
verification.  This  provision  is  similar  to  that  found  on  the  CEB-FDP  Model  Code  1990. 
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• Additional  measured  transfer  lengths  for  large  diameter  strands,  such  that 
empirical  analysis  of  the  data  is  not  dominated  by  the  behavior  of  the  small 
diameter  strands. 


APPENDIX  I 


CONCRETE  STRAIN  PROFILES 
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Figure  I-l  Concrete  Surface  Strain;  Beam  UF  1-1-1/2-270 
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Figure  1-2  Concrete  Surface  Strain:  Beam  UF  1-2-1/2-270 
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Figure  1-3  Concrete  Surface  Strain:  Beam  UF  1-3-1/2-270 
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Figure  1-4  Concrete  Surface  Strain:  Beam  UF  1-4-1/2-270 
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Concrete  Surface  Strain 
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Figure  1-5  Concrete  Surface  Strain:  Beam  UF  1-5-1/2-270 
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Figure  1-6  Concrete  Surface  Strain:  Beam  UF  1-6-1/2-270 
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Concrete  Surface  Strains 
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Figure  1-7  Concrete  Surface  Strain  Beam  UF  2-1-2/1-270 
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Figure  1-8  Concrete  Surface  Strain  Beam  UF  2-2-2/1-270 
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Figure  1-9  Concrete  Surface  Strain:  Beam  UF  3-1-1/2-270 
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Figure  I-IO  Concrete  Surface  Strain:  Beam  UF  3-2-1/2-270 
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Figure  I-ll  Concrete  Surface  Strain:  Beam  UF  4-1-1/2-270 
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Figure  1-12  Concrete  Surface  Strain:  Beam  UF  4-2-1/2-270 
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Figure  1-13  Concrete  Surface  Strain;  Beam  UF  5-1-1/2-270 
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Figure  1-14  Concrete  Surface  Strain:  Beam  UF  5-2-1/2-270 
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Figure  1-15  Concrete  Surface  Strain:  Beam  UF  6-1-1/2-270 
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Figure  1-16  Concrete  Surface  Strain:  Beam  UF  6-2-1/2-270 
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Figure  1-17  Concrete  Surface  Strain:  Beam  UF  7-1-1/2-270 
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Figure  1-18  Concrete  Surface  Strain:  Beam  UF  7-2-1/2-270 
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Figure  1-19  Concrete  Surface  Strain;  Beam  UF  8-l-3/8i-270 
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Figure  1-20  Concrete  Surface  Strain:  Beam  UF  8-2-3/8-270 
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Concrete  Surface  Strains 


Figure  1-21  Concrete  Surface  Strain:  Beam  UF  9-l-3/8i-270 
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Figure  1-22  Concrete  Surface  Strain:  Beam  UF  9-2-3/8-270 
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Figure  1-23  Concrete  Surface  Strain:  Beam  UF  10-l-3/8i-270 
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Figure  1-24  Concrete  Surface  Strain:  Beam  UF  10-2-3/8-270 
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Figure  1-25  Concrete  Surface  Strain:  Beam  UF  ll-l-l/2s-270 
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Figure  1-26  Concrete  Surface  Strain:  Beam  UF  ll-2-l/2s-270 
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Figure  1-27  Concrete  Surface  Strain:  Beam  UF  12-l-3/8i-270 
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Figure  1-28  Concrete  Surface  Strain:  Beam  UF  12-2-3/8-270 
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Figure  1-29  Concrete  Surface  Strain:  Beam  UF  13-1-6/10-270 
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Figure  1-30  Concrete  Surface  Strain:  Beam  UF  13-2-6/10-270 
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Figure  1-31  Concrete  Surface  Strain:  Beam  UF  14-1-7/10-270 
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Figure  1-32  Concrete  Surface  Strain:  Beam  UF  14-2-7/10-270 
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Figure  1-33  Concrete  Surface  Strain  Beam  UF  15-1-3/8-270 
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Figure  1-34  Concrete  Surface  Strain:  Beam  UF  15-2-3/8-270 
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Figure  1-35  Concrete  Surface  Strain:  Beam  UF  16-1-1/2-300 
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Figure  1-36  Concrete  Surface  Strain:  Beam  UF  16-2-1/2-300 
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Figure  1-37  Concrete  Surface  Strain:  Beam  UF  17-1-3/8-300 
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Figure  1-38  Concrete  Surface  Strain:  Beam  UF  17-2-3/8-300 
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Figure  1-39  Concrete  Surface  Strain:  Beam  UF  18-l-l/2s-290 
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Figure  1-40  Concrete  Surface  Strain:  Beam  UF  18-2-l/2s-290 
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Load  Displacement  Chart 

Beam  UF  1-1-1/2-270 


Figure  II-l  Load  Displacement  Diagram  Beam  UF  1-1-1/2-270 
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Figure  U-2  Load  Displacement  Diagram  Beam  UF  1-2-1/2-270 
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Load-Displacement  Chart 
Beam  UF  1-3-1/2-270 


Figure  11-3  Load  Displacement  Diagram  Beam  UF  1-3-1/2-270 
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Figure  11-4  Load  Displacement  Diagram  Beam  UF  1-4-1/2-270 
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Load-Displacement  Chart 

Beam  UF  1-5-1/270 


Figure  II-5  Load  Displacement  Diagram  Beam  UF  1-5-1/2-270 

Load-Displacement  Chart 
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Figure  II-6  Load  Displacement  Diagram  Beam  UF  1-6-1/2-270 
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Load  Deflection  Curve 

Beam  UF  2-1-1/2-270  Free  End 


Figure  K-7  Load  Displacement  Diagram  Beam  UF  2-1-1/2-270  Free  End 
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Figure  II-8  Load  Displacement  Diagram  Beam  UF  2-1-1/2-270  Cut  End 
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Load  Deflection  Curve 

Beam  UF  2-2-1/2-270  Cut  End 


Figure  II-9  Load  Displacement  Diagram  Beam  UF  2-2-1/2-270  Cut  End 
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Figure  II-IO  Load  Displacement  Diagram  Beam  UF  2-2-1/2-270  Free  End 
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Load  Deflection  Curve 

Beam  UF  3-1-1/2-270  Cut  End 


Figure  II-ll  Load  Displacement  Diagram  Beam  UF  3-1-1/2-270  Cut  End 
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Figure  11-12  Load  Displacement  Diagram  Beam  UF  3-1-1/2-270  Free  End 
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Load  Deflection  Curve 

Beam  UF  3-2-1/2-270  Cut  End 


Figure  11-13  Load  Displacement  Diagram  Beam  UF  3-2-1/2-270  Cut  End 
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Figure  11-14  Load  Displacement  Diagram  Beam  UF  3-2-1/2-270  Free  End 
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Load  Deflection  Curve 

Beam  UF  4-1-1/2-270  Cut  End 


Figure  11-15  Load  Displacement  Diagram  Beam  UF  4-1-1/2-270  Cut  End 
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Figure  11-16  Load  Displacement  Diagram  Beam  UF  4-1-1/2-270  Free  End 
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Load  Deflection  Curve 

Beam  UF  4-2-1/2-270  Free  End 
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Figure  11-17  Load  Displacement  Diagram  Beam  UF  4-2-1/2-270  Free  End 
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Figure  11-18  Load  Displacement  Diagram  Beam  UF  4-2-1/2-270  Cut  End 
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Load  Displacement  Diagram 

Beam  UF  5-1-1/2-270  Cut  End 


Figure  11-19  Load  Displacement  Diagram  Beam  UF  5-1-1/2-270  Cut  End 

Load  Deflection  Curve 

Beam  UF  5-1-1/2-270  Free  End 


Figure  11-20  Load  Displacement  Diagram  Beam  UF  5-1-1/2-270  Free  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Curve 
Beam  UF  5-2-1/2-270  Cut  End 


Figure  11-21  Load  Displacement  Diagram  Beam  UF  5-2-1/2-270  Cut  End 


Load  Deflection  Curve 
Beam  UF  5-2-1/2-270  Free  End 


Figure  11-22  Load  Displacement  Diagram  Beam  UF  5-2-1/2-270  Free  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Curve 

Beam  UF  6-1-1/2-270  Cut  End 


Figure  11-23  Load  Displacement  Diagram  Beam  UF  6-1-1/2-270  Cut  End 


Load  Deflection  Curve 

Beam  UF  6-1-1/2-270  Free  End 


Figure  11-24  Load  Displacement  Diagram  Beam  UF  6-1-1/2-270  Free  End 


Load  (kips)  Load  (kips) 


Load  Deflection  Curve 

Beam  UF  6-2-1/2-270  Cut  End 
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Figure  11-25  Load  Displacement  Diagram  Beam  UF  6-2-1/2-270  Cut  End 


Load  Deflection  Curve 

Beam  UF  6-2-1/2-270  Free  End 


Figure  11-26  Load  Displacement  Diagram  Beam  UF  6-2-1/2-270  Free  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Curve 

Beam  UF  7-1-1/2-270  Cut  End 


Figure  11-27  Load  Displacement  Diagram  Beam  UF  7-1-1/2-270  Cut  End 

Load  Deflection  Curve 

Beam  UF  7-1-1/2-270  Free  End 


Figure  11-28  Load  Displacement  Diagram  Beam  UF  7-1-1/2-270  Free  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Curve 

Beam  UF  7-2-1/2-270  Cut  End 


Figure  11-29  Load  Displacement  Diagram  Beam  UF  7-2-1/2-270  Cut  End 


Load  Deflection  Curve 

Beam  UF  7-2-1/2-270  Free  End 


Figure  11-30  Load  Displacement  Diagram  Beam  UF  7-2-1/2-270  Free  End 
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Load  Displacement  Chart 

Beam  UF  8-1-3/8-270  Cut  End 


0 0.25  0.5  0.75  1 1.25  1.5  1.75  2 

Deflection  (in.) 


Figure  11-31  Load  Displacement  Diagram  Beam  UF  8-l-3/8i-270  Cut  End 


Load  Displacement  Chart 

UF  8-l-3/8i-270  Free  End 


Figure  11-32  Load  Displacement  Diagram  Beam  UF  8-l-3/8i-270  Free  End 


Load  (kips)  Load  (kips 
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Load  Displacement  Diagram 

UF  8-2-3/8-270  Cut  End 


Figure  11-33  Load  Displacement  Diagram  Beam  UF  8-2-3/8-270  Cut  End 


Load  Displacement  Diagram 

UF  8-2-3/8-270  Free  End 


20 
15 
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5 
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Deflection  (in.) 
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Figure  11-34  Load  Displacement  Diagram  Beam  UF  8-2-3/8-270  Free  End 


Load  (kips)  Load  (kips) 
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Load  Displacement  Diagram 

UF  9-l-3/8i-270  Free  End 


Figure  11-35  Load  Displacement  Diagram  Beam  UF  9-l-3/8i-270  Free  End 


Load  Displacement  Diagram 

UF  9-l-3/8i-270  Cut  End 


0 0.25  0.5  0.75  1 1.25  1.5  1.75  2 

Deflection  (in.) 


Figure  11-36  Load  Displacement  Diagram  Beam  UF  9-l-3/8i-270  Cut  End 


Load  (kips)  Load  (kips) 
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Load  Displacement  Diagram 

UF  9-2-3/8-270  Free  End 


Data  I 

lot  avail: 

ble  due  i 

0 Equip] 

nent  Ma 

functior 

0 0.25  0.5  0.75  1 1.25  1.5  1.75  2 

Deflection  (in.) 


Figure  11-37  Load  Displacement  Diagram  Beam  UF  9-2-3/8-270  Free  End 


Load  Displacement  Diagram 

UF  9-2-3/8-270  Cut  End 


20 
15 
10 
5 
0 

0 0.25  0.5  0.75  1 1.25  1.5  1.75  2 

Deflection  (in.) 


Figure  11-38  Load  Displacement  Diagram  Beam  UF  9-2-3/8-270  Cut  End 


Load  (kips)  Load  (kips) 
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Load  Displacement  Diagram 

UF  10-l-3/8i-270  Free  End 


Figure  11-39  Load  Displacement  Diagram  Beam  UF10-l-3/8i  Free  End 


Load  Displacement  Diagram 

UF  10-1-3/8-270  Cut  End 


Figure  11-40  Load  Displacement  Diagram  Beam  UF10-l-3/8i  Cut  End 


Load  (kips)  Load  (kips) 
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Load  Displacement  Diagram 

UF  10-2-3/8-270  Free  End 


Figure  11-41  Load  Displacement  Diagram  Beam  UFl 0-2-3/8-270  Free  End 


Load  Displacement  Diagram 

UF  10-2-3/8-270  Cut  End 


Figure  11-42  Load  Displacement  Diagram  Beam  UFlO-2-3/8-270  Cut  End 
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Load  Displacement  Diagram 

UF11-1-1/2S-270  Free  End 


Figure  11-43  Load  Displacement  Diagram  Beam  UF  ll-l-l/2s-270  Free  End 


Load  Displacement  Diagram 

UF  11-1-1/2S-270  Cut  End 


Figure  11-44  Load  Displacement  Diagram  Beam  UF  ll-l-l/2s-270  Cut  End 


Load  (kips)  Load  (kips) 


Load  Displacement  Diagram 
UF  11-2-1/2S-270  Free  End 
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Figure  11-45  Load  Displacement  Diagram  Beam  UF  112-l/2s-270  Free  end 


Load  Displacement  Diagram 

UF11-2-1/2S-270  Cut  End 


Figure  11-46  Load  Displacement  Diagram  Beam  UF  ll-2-l/2s-270  Free  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Diagram 

UF  12-l-3/8i-270  Free  End 


Deflection  (in.) 


Figure  11-47  Load  Displacement  Diagram  Beam  UF  12-l-3/8i  Free  End 


Load  Deflection  Diagram 
UF12-1  Cut  End 


Figure  11-48  Load  Displacement  Diagram  Beam  UF  12-l-3/8i-270  Cut  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Diagram 

UF  12-2-3/8-270  Free  End 


Figure  11-49  Load  Displacement  Diagram  Beam  UF  12-2-3/8  Free  End 


Load  Deflection  Diagram 

UF  12-2-3/8-270  Cut  End 


Figure  11-50  Load  Displacement  Diagram  Beam  UF  12-2-3/8-270  Cut  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Diagram 

UF  13-1-6/10-270  Free  End 


Deflection  (in.) 


Figure  11-51  Load  Displacement  Diagram  Beam  UF  13-1-6/10-270  Free  End 


Load  Deflection  Diagram 

UF  13-1-6/10-270  Cut  End 


Figure  11-52  Load  Displacement  Diagram  Beam  UF  13-1-6/10-270  Cut  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Diagram 

UF  13-2-6/10-270  Free  End 


Figure  11-53  Load  Displacement  Diagram  Beam  UF  13-2-6/10-270  Free  End 


Load  Deflection  Diagram 

UF  13-2-6/10-270  Cut  End 


Deflection  (in.) 


Figure  11-54  Load  Displacement  Diagram  Beam  UF  13-2-6/10-270  Cut  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Diagram 

UF  14-1-7/10-270  Free  End 


0 0.25  0.5  0.75  1 1.25  1.5  1.75  2 

Deflection  (in.) 


Figure  11-55  Load  Displacement  Diagram  Beam  UF  14-1-7/10-270  Free  End 


Load  Displacement  Diagram 

UF  14-1-7/10-270  Cut  End 


Figure  11-56  Load  Displacement  Diagram  Beam  UF  14-1-7/10-270  Cut  End 


Load  (kips)  Load  (kips) 
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Load  Deflection  Diagram 

UF  14-2-7/10-270  Free  End 


Figure  11-57  Load  Displacement  Diagram  Beam  UF  14-2-7/10-270  Free  End 


Load  Deflection  Diagram 

UF  14-2-7/10-270  Cut  End 


Figure  11-58  Load  Displacement  Diagram  Beam  UF  14-2-7/10-270  Cut  End 


Load  (kip) 
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Load  Deflection  Diagram 

Beam  UFl  5-1 -3/8-270  Free  End 


Figure  11-59  Load  Displacement  Diagram  Beam  UF15-1-3/8-270  Free  End 
Load  Deflection  Diagram 

Beam  U FI 5-1-3/8-270  Cut  End 


Figure  11-60  Load  Displacement  Diagram  Beam  UF15-1-3/8-270  Cut  End 


Load  (kip)  Load  (kip) 
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Load  Deflection  Diagram 

Beam  U FI 5-2-3/8-270  Free  End 


Figure  11-61  Load  Displacement  Diagram  Beam  UF15-2-3/8-270  Free  End 
Load  Deflection  Diagram 

Beam  UF15-2-3/8-270  Cut  End 


30 
25 
20 
15 
10 
5 
0 
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Figure  11-62  Load  Displacement  Diagram  Beam  UF15-2-3/8-270  Cut  End 


Lo«d  (kip) 
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Load  Deflection  Diagram 

Beam  UFl 6-1-1/2-300  Cut  End 


Figure  11-63  Load  Displacement  Diagram  Beam  UF16-1-1/2-300  Cut  End 


Load  Deflection  Diagram 

Beam  UFl 6-1 -1/2-300  Free  End 


Figure  11-64  Load  Displacement  Diagram  Beam  UF16-1-1/2-300  Free  End 


Load  (kip)  Load  (kip) 
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Load  Deflection  Diagram 

Beam  U FI  6-2- 1/2-300  Cut  End 


Figure  11-65  Load  Displacement  Diagram  Beam  UF16-1-1/2-300  Cut  End 


Load  Deflection  Diagram 

Beam  U FI  6-2-1/2-300  Free  End 


Figure  11-66  Load  Displacement  Diagram  Beam  UF16-2-1/2-300  Free  End 


(dpi)  pcoq  (ilpi)  P'“T 
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Load  Deflection  Diagram 

Beam  U FI 7-1-3/8-300  Cut  End 


Figure  11-67  Load  Displacement  Diagram  Beam  UFl  7-1-3/8-300  Cut  End 


Load  Deflection  Diagram 

Beam  U FI 7-1 -3/8-300  Free  End 


Figure  11-68  Load  Displacement  Diagram  Beam  UF17-1-3/8-300  Free  End 


Load  (kip)  Load  (kip) 
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Load  Deflection  Diagram 

Beam  U FI  7-2-3/8-300  Cut  End 


0.2  0.4  0,6  0.8  1 1.2  1-4  1.6 

Deflection  (in.) 


Figure  11-69  Load  Displacement  Diagram  Beam  UFl 7-2-3/8-300  Cut  End 


Load  Deflection  Diagram 

Beam  UFl  7-2-3/8-300  Free  End 


Figure  U-70  Load  Displacement  Diagram  Beam  UFl 7-2-3/8-300  Free  End 


Load  (kip)  Load  (kip) 
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Load  Deflection  Diagram 

Beam  UF18-l-l/2s-290  Cut  End 


Deflection  (in.) 


Figure  11-71  Load  Displacement  Diagram  Beam  UF18-l-l/2s-290  Cut  End 


Load  Deflection  Diagram 

Beam  UF18-l-l/2s-290  Free  End 


0 0.2  0.4  0.6  0.8  1 1.2  1.4  1.6  1.8 


Deflection  (in.) 


Figure  11-72  Load  Displacement  Diagram  Beam  UF18-l-l/2s-290  Free  End 


Load  (kip)  Load  (kip) 
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Load  Deflection  Diagram 

Beam  UF18-2-l/2s-290  Cut  End 


Figure  11-73  Load  Displacement  Diagram  Beam  UF18-2-l/2s-290  Cut  End 
Load  Deflection  Diagram 

Beam  UF18-2-l/2s-290  Free  End 


Figure  11-74  Load  Displacement  Diagram  Beam  UF18-2-l/2s-290  Free  End 


APPENDIX  m 


MATHCAD  TEMPLATES 
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1.  Preliminary  Beam  Calcs. 

A.  Defined  Variables 

kip  :=  lOOO  lbf 

minute  :=  60- sec 

B.  Data 


Research  UF 


kip 

Ibf 

— 

psi  :=  — 

. 2 
m 

• 2 
m 

hour  :=  60- minute 


day  :=  24- hour 


year  :=  365-day 


1:=  17-ft 

b :=  6-in 

h: 

= 12-in 

fp„  ;=  270-ksi 

A,  :=  0.88-m^ 

Aps  :=  0. 306-in^ 

Yc 

:.150-M 

Pi  :=  62- kip 

E,  :=  29000-ksi 

Eps  :=  28600 -ksi 

fy 

:=  60000 -psi 

f^2  :=  3500-psi 

f(;i  :=  5000-psi 

ds 

:=  1.125-m 

Calculations 

_ h b 
2 3 

, h 

dps:=-  + e 

dc 

h 

2 

Ac  ;=  b-h 

I b-h^ 

h 

h 

Cl  :=  - 

C2 

:=  — 

12 

2 

2 

Ic 

Sbot:=- 

Stop  •- 

r2 

Cl 

^2 

A: 

Wo:=Yc'Ac  w„  = 0.075  — 

It 

1 2 

Mq  :=  — -Wo-r  Mq  = 32.512kip-in 

8 


Ec=  4.031  X lO^psi 


Pi  :=  0.85 


0.05-(f^l  - 4000-psi) 
lOOOpsi 


p,  = 0.8 
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2.  Section  Properties  @ Flexural  Test 


Elastic  Modulus  Raitos:  n'  ;=  — 


n'  = 7.195 


Eps 

n:=—  n=  7.096 

E. 


. 2 


Transformed  Steel  Areas:  AVi  :=  (n'  - l)  As  A'l,]  - 5.452 in' 


. 2 


Aui:=(n-  l)Ap,  Aj,,  = 1.865  in' 


Transformed  Centroid: 


ZA  :=  A<-  + A'lfi  + A(j.]  ZA  — 79.317  in 
ZAy  :=  Ac'dc  + A',j.ids  + Atfi-dps 


ZAy  = 456.787  in^ 


ZAy 

ZA 

Ybot  h ~ ytop 


Ytop=  5.759  in 
ybot=  6.241  in 


Transformed  Moment  of  Inertia: 

A 
. 2 

Concrete  Ac=72in 


yl  :=  ybot  - - 


As 

Aps 


A't,i  = 5.452  in^  y2  yt„p  - Ay,i  :=  A'„i  y2" 


A^i  = 1 .865  in^  y3  :=  dp^  - yt„p  Ayp,  :=  At^i-yS" 


A^i  :=  Ac  + A'tri  + A, 


tri 


It,i  :=  Ic  + Ayci  + Aysi  + Aypi 
Itrl 


^topl  •“ 


ytop 

Itrl 


5botl  - 


ybot 


^trl  Ybot  ’ 


Ayci  :=  Ac-yl^ 


A^1=  79.317  in^ 


= 1.019  X 10^  in"^ 


Stop,  = 1 76-906  m 


Sboti  = 163.243  in^ 


e,ri  - 4.241  in 


r2tri  := 


%i 


r2tti  = 12.845  in^ 


864  ir 
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3.  Section  Properties  @ Release 

f^c2 


Ep  :=  57000-  | psi 

psi 


Elastic  Modulus  Raitos: 


E,=  3.372  X 10  psi 

E. 


n'  := 


Ec 

E„. 


n’  = 8.6 


n:=—  n=  8.481 

E. 

Transformed  Steel  Areas:  A' 4,2  :=  (n'  - l)  As 

A<i2  (n  “ l)'Aps 


Transformed  Centroid; 


EA 

Ybot  •“  h — Yfop 

Transformed  Moment  of  Inertia: 


SA Ac  -t-  A'tr2  + ^2 

EAy  ;=  Ac'dc  + A'jf2-d5  + Atf2'dps 
EAy 

Ytop 


A'tr2=  6.688  m 
A^2=  2.289  in^ 


EA=  80.977  in^ 


EAy  = 462.416  in^ 
Ytop  = 5.759  in 

Ybot  = 6.241m 


A 

Y 

A-y" 

2 

Concrete  Ac=72m 

h 

Yl  :=  Ybot  - - 

AYc2  :=  Ac-yl^ 

As  A'(t2  = 6.688  in^ 

Y2  :=  Ytop  - ds 

AYs2  :=  A'tr2-Y2^ 

Aps  A^2  = 2.289  in^ 

y3  :=  dps  - Ytop 

Ayp2  - a^2-y3^ 

Ap.2  :=  EA 

A„2  = 80-977  in^ 

Itr2  :=  Ic  + -A-Yc2  + ^Ys2  + ^Yp2 

1^2=  1-053  X lowin' 

S„,p2:— 

Ytop 

Stop2  - 184.36  m 

s - — 

^bot2  ' 

Ybot 

Sbot2  = 167.386  in^ 

b 

^tr2  Ybot  ~ ~ 

etr2  = 4, 29  in 

r2ti2 ~ 

A-tr2 

r2„2  = 13.001  in^ 

*g 

L=  864  m'' 
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4.  Effective  Prestress 


Pi 

A.  Elastic  Shortening 

fc :=  fc2 


fpi  = 202.61 4 ksi 


= 3.5  X lO^psi 


K,,  :=1.0 


K,i,:=0.9 


Coefficients  obtained  from  P.  Zia,  K.  Preston  & N. Scott  Paper 


= 2.86  X 10‘*ksi  E,;  ;=  57000-  l—  psi  E^i  = 3.372  x lO^psi 

P;  :=  Aps-fpi  Pi  = 62kip 

Mg  = 32.512kip-in 


Mg  :=  Mo 
fcir  :=  Kcir 


^ Pi  Pi-e^^ 

+ 

A T 
-^c  y 

f . 


Mg-e 


ES  ;=  Kgs-Eps'  — 


foir  = 1.658  ksi 


ES  = 14.06  ksi 


B.  Creep 

day  :=  24- 60- 60- sec  year  :=  365-day 


t :=  28-day 


Kon,:=  2.0 

fc:=fci 


RH  :=  0.75  :=  Ko„-(1.27  - 0.0067-RH-100)- 


f 0 = 5 X 10  psi 


-^1 

day; 


0.6 


-if 


.6  . 


E^:=  57000-  psi  = 4.031  x 10  psi 

psi 


f 

^cds 


Mg-e 

Ic 


f •= 


^s•fi 


pes 


Ac 


r 2^ 

e 

1 + — 

V r2y 


fpes  :=  fpi  - ES 


CR:=  Ko,-:^(fcs-fcds) 

Eo 


CR=  8.066  ksi 
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C.  Shrinkage 

Ksh-1.0 

A. 


-6  1 

^shu  •“  8.0-10  ^sh  j 7 *^shu 


35-day  + t 


A;= 


m 


P;::-2-b  + 2-h  - = 2 

P 


SH  :=  e^h-Ksh-E, 
D.  Relaxation 
Kre  ;=  5.0-ksi 


1 - 0.06-1  ^ 


J :=  0.04 


(1.4  - RH) 


f 

^pu 


0.75  Therefore 


C :=  1.0 


SH  = 0.059  ksi 


RE  [Kre  - J-(SH  + CR  + ES)]-C  RE  = 4.113ksi 


E.  Total  Losses 

TL  :=  ES  + CR  + SH  -f  RE 


TL=  26.298  ksi 


F.  Effective  Prestress 


f -=  f - - T1 

^se  • ^pi  ^ ^ 


5.  Initial  Stresses 


E,=  176.317  ksi 


fj.  :=  7.5-  I psi 

psi 

Psi  -~  -Aps'fpi 
r 


2^ 


f - •=  -P  - 

^C1  ' ^ SI 


f — -P  •• 

^lop  • ^ SI 


fbot  :=  -Psi- 


1 et,2 


-Atr2 

Itr2  j 

r 1 

etr2  ^ 

1 

1 fN 

k 

^op2y 

f— + 

etr2  ^ 

fr  = 530.33  psi 
Psi=  62  kip 


4;=  -1.849  ksi 


ftop  = 0.677  ksi 


Atr2  St,  ol 


12; 


fbot  - -2,355  ksi 
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6.  Cracking  Moment 
Sbou  = 163.243 
= 1.019  X 10^  in" 
f^i  = 5 X lO^psi 


Stopi  = 176.906  in^ 


Ee=  4.031  X lO^ksi 


M„  :=  S, 


'botr 


(fr-fbot) 


M„=  470  929  kip  m 


7.  Nominal  Flexural  Strength 

A.  Calculation  of  concrete  compression  block: 

By  trial  and  error: 

Assume:  c:=2.073-m 

830  := £30  = 6.203  X 1 0 " £eu  :=  0.003 

Ec 

Eo  :=  3.414  E30  8o=  2.1176  X 10  ^ 

Concrete: 


Ce:=  cb.f,,. 


f ^ ^ 

^cu  ^cu 

^0  3.£  ^ 

^0  J 


Compression  Steel: 


Cc  = 46.499  kip 


c - 63 

£ 3 Ecu 

C 

fs  - E3-E'3 


e'3=  1.371925  X 10’ 
f3  = 39.786  ksi 


C3  :=  fs A 


C3  = 35.012  kip 
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Prestressing  Steel: 


Sop  • — 


^se’^^s 

EcA 

E„. 


( 


i\ 

1 + — 

r2j 


e,  = 0.011472 


^ps  ~ ^si 


+ 8p 


8ps=  0.018071 


fpsl  * ^ps'^ps 


fps2  :- 


270 


0.04 


Eps  - 0.007  j 


■ksi 


fps  :=  if(eps  ^ 0.0086, fp,i,fp, 2) 


*Ref.  PCI  Design  Handbook  - 1996 


fp3=  266.387  ksi 

Tension: 

T — f -A 

A • Aps  ^ps 

Compression: 

C :=  C,  + C, 


T = 81  514  kip 
C = 81,51  kip 


Tension  = Compression 
Therefore:  Equilibrium 


B.  Location  of  concrete  compression  block  resultant: 


bfci- 


y ■= 


^ 2 Egu  2 1 ®cu  2^ 

y3  £q  4 e„  j 


y'=  1.637  in 


C.  Nominal  Moment  and 
Curvature: 


Mn:-  C,.(dp3-y’)  + C,-(dp3-d,) 


Mn  = 699,613  kip -in 
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